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Abstract 


The  excitation  and  de-excitation  mechanisms  of  the  1.54  /xm 
emissions,  from  ion  implanted  and  HBE  grown  GaAs:Er  and  Al.Ga,.^s:Er, 
were  studied  through  luminescence  experiments.  Experimental 
techniques  included  photoluminescence,  time  resolved 
photo  luminescence,  and  selective  excitation  photoluminescence.  The 
Er^'^  emissions  were  studied  as  a  function  of  Er  concentration, 
aluminum  mole  fraction,  n-  and  p-type  doping  level,  and  annealing 
temperature.  In  addition  oxygen  co-doping  studies  were  done  in 
order  to  determine  the  role  played  by  oxygen  in  the  Er^* 
luminescence. 

Photoluminescence  and  selective  excitation  photoluminescence 
revealed  the  presence  of  multiple  Er-relat-  1  luminescence  centers 
in  ion  implanted  GaAs:Er  and  Al,Ga,.,As:Er.  It  was  found  that  various 
emissions,  originating  from  a  particular  luminescence  center,  can 
be  excited  very  efficiently  with  below-bandgap  laser  excitation. 
The  1.54  nm  emissions  exhibit  a  broad  selective  excitation  band 
that  extends  from  the  bandedge  to  pass  l.O  fim.  A  model  of  the 
excitation  mechanism  involving  an  energy  transfer  from  electron- 
hole  recombination  at  an  Er-related  hole  trap  is  proposed.  Time 
resolved  measurements  showed  that  the  decay  of  the  1.54  urn  emission 
is,  mainly,  a  single  exponential  with  a  characteristic  lifetime  of 
approximately  1  msec.  The  lifetime  decreases  with  sample 
temperature.  In  GaAsrEr,  it  decreases  with  an  activation  energy  of 


169  meV. 


The  Er’*  emissions  from  MBE  grown  GaAstEr  and  Al,Gai..^s :  Er  were 
studied  as  a  function  of  various  growth  parameters. 
Photoluminescance  and  time  resolved  measurements  showed  that  the 
Er’*  emissions  from  Al,Ga,.^s:Er  originate  from  three  distinct 
centers.  Emissions  from  two  of  these  centers  have  characteristic 
lifetimes  on  the  order  of  1.1  and  1.2  msec,  while  emissions  from 
the  other  centers  have  lifetimes  of  approximately  200  jusec. 
Al,Ga,..^s :  Er  samples  showed  various  sharp  emissions  near  988  nm, 
which  were  assigned  to  the  intra-4f-shell  transition  between  the 
^I,„2  excited  state  and  the  ground  state  of  Er’*. 

Oxygen  co-doping  consistently  resulted  in  stronger  Er’^  emissions 
from  Al,Ga,.^s:Er,  but  not  from  GaAs:Er.  The  1.54  nm  emissions  from 
the  co-doped  samples  were  studied  as  a  function  of  Er 
concentration,  oxygen  concentration,  aluminum  mole  fraction,  and 
annealing  temperature.  Lifetime  measurements  on  Al.Ga,.^s:Er  showed 
that  emissions  from  the  co-doped  samples  have  longer  lifetimes, 
thus  suggesting  smaller  losses  due  to  nonradiative  processes.  The 
enhancement  of  the  Er’"^  emissions  from  Al.Ga,.^s:  (Er+0)  was 
attributed  to  the  formation  of  an  Er-Al-0  complex. 
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I. 


Introduction 


Rare  Earth  (RE)  compounds,  which  are  very  important  in  many 
applications  because  of  their  magnetic,  chemical,  and  optical, 
properties  have  been  studied  intensively  in  the  last  five 
decades.  In  this  current  study  we  are  concerned  with  their 
optical  properties.  The  emission  spectra  of  solids  containing 
RE  elements  show  very  sharp  emission  lines  due  to  internal  4f- 
shell  transitions  of  the  particular  RE  ion.  This  phenomenon 
is  a  result  of  their  electronic  configuration,  which  can  be 
written  for  the  Er^*  ions  as  (Boyn  [1988]) 

[Pd]4f*5s*5p‘, 

where  [Pd]  refers  to  the  electronic  configuration  of  Pd,  and 
n  varies  from  1  to  13  (not  including  La  that  some  experts  also 
classify  as  a  RE  element)  .  The  rare  earths  are  unique  in  that 
their  partially  filled  4f  shell  is  shielded  from  the 
environment  by  the  5s  and  5p  filled  shells. 

The  Hamiltonian  of  a  RE  ion  in  a  solid  can  be  written  as 

I  ^  ®  ^ES  ^ao  *^CF' 

i 

1  where  H,  is  the  Hartree-Fock  part  of  the  Hamiltonian,  Hee  is 
'i  the  Coulomb  interaction  between  the  electrons  (part  not 
1  contained  in  HJ  ,  Hjo  is  the  spin  orbit  interaction,  and  Hcp  is 
I  the  crystal  field  potential,  of  these  terms,  Hee  and  H^o  have 
comparable  effect,  while  Her  has  a  much  smaller  effect  and  is 
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normally  treated  as  a  perturbation.  Because  Hge  and  Hjo  are 
comparable,  the  spin  orbit  coupling  can  be  treated  using  the 
so  called  "intermediate”  coupling  scheme  in  which  J  is  the 
only  good  quantum  number. 

Because  the  4f-shell  is  shielded  from  the  local  crystalline 
environment,  the  4f  emissions  are  observed  at  nearly  the  same 
wavelength  independent  of  the  host  material.  In  addition,  the 
4f  emissions  have  very  narrow  linewidths  and  their  positions 
vary  very  little  (if  at  all)  with  temperature  variations. 
These  properties  make  RE  doped  materials  ideal  for  laser 
sources.  Indeed,  ionic  crystals  doped  with  RE  elements  are 
some  of  the  most  important  laser  sources  used  today.  Rare 
earth  doped  semiconductors  can  be  used  in  the  fabrication  of 
novel  optoelectronic  devices  with  very  sharp  emissions  whose 
wavelengths  are  temperature  stable.  From  the  application 
point  of  view,  the  study  of  RE  doped  III-V  semiconductors  and 
alloys  is  particularly  important,  because  these  are  among  the 
most  used  materials  in  optoelectronic  devices.  For  example. 
Erbium  (Er)  doped  III-V  semiconductors  and  alloys  show  very 
sharp,  temperature  independent  emissions  at  1.54  /zm,  which  is 
the  wavelength  of  minimum  attenuation  in  silica  based  fiber 
optics.  Therefore,  development  of  an  Er  based  injection  laser 
could  greatly  improve  optical  commxmications. 

Although  the  optical  properties  of  rare  earth  doped 
materials  have  been  studied  extensively  since  the  1940s,  most 
of  the  work  was  done  on  rare  earths  in  ionic  hosts  and  to  a 
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lesser  extert  in  II-VI  semiconducting  compounds.  The  study  of 
RE  doped  III-V  semiconductors  is  relatively  recent,  dating 
back  to  the  late  1970s  (Pyhskin  [1975],  Ennen  [1987],  Pomrenke 
[1989]).  Although  there  have  been  some  advances  in 
understanding  the  physics  of  these  materials,  knowledge  in 
this  area  is  still  very  limited.  Specifically,  many  questions 
remain  regarding  the  incorporation  of  the  RE  elements  in  the 
lattice  and  the  excitation  and  de-excitation  mechanisms  of  the 
4f  shell.  In  order  to  address  these  questions,  optical 
studies  of  ion  implanted  and  MBE-grown  GaAs:Er  and  Al,Ga|.,As:Er 
have  been  carried  out.  The  experimental  techniques  used 
included  photoluminescence,  lifetime  measurements,  and 
selective  excitation  photoluminescence.  In  addition,  the 
enhancement  of  the  Er**  emissions  with  oxygen  co-doping  has 
been  studied.  It  is  these  measurements  and  their  implications 
about  the  behavior  of  the  rare-earth  Er  in  these  III-V  hosts 
that  forms  the  essence  of  this  dissertation. 

The  different  topics  presented  in  this  dissertation  have 
been  organized  into  five  chapters.  Following  this 
introductory  chapter,  a  review  of  the  research  done  on  rare 
earth  doped  semiconductors  is  presented  in  chapter  II.  A 
brief  overview  of  the  physics  of  rare  earth  doped  II-VI 
compounds  with  a  special  emphasis  in  the  excitation  and  de¬ 
excitation  mechanisms  of  the  4f-shell  is  given,  followed  by  a 
comprehensive  review  of  the  work  done  on  rare  earth  doped  III- 
V  semiconductors.  A  description  of  the  experimental  set-up 
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used  to  perform  the  various  experiments  is  given  in  chapter 
III.  As  mentioned  above,  this  dissertation  involved  the  study 
of  ion  implanted  as  well  as  MBE-grown  GaAs:Er  and  AlGaAs:Er. 
The  results  for  the  ion  implanted  samples  are  presented  in 
sections  4.1,  4.2,  and  4.3.  In  sections  4.1  and  4.2,  the 
results  from  photoluminescence  and  selective  excitation 
luminescence  are  given,  in  addition  a  model  of  the  excitation 
mechanism  is  proposed  in  section  4.2.  The  results  from 
lifetime  measurements  of  the  main  Er**  emission  near  1.54  nm 
are  discussed  in  section  4.3.  In  section  4.4  the:  results 
obtained  from  photoluminescence,  selective  excitation 
luminescence,  and  lifetime  measurements  on  the  MBE  samples  arc 
presented  and  they  are  compared  with  the  results  obtained  for 
the  ion  implanted  samples  and  with  those  obtained  by  other 
researchers  in  this  field.  The  effect  of  oxVgen  co¬ 
implantation  into  GaAs;Er  and  AlGaAsrEr  on  the  emissions 
was  also  studied,  and  the  results  are  presented  in  section 
4.5.  Finally,  a  summary  of  the  results  obtained  in  this 
dissertation  work  will  be  given  in  chapter  V  along  with 
recommendations  for  further  work  on  this  area  of  research. 


II.  Background 

This  chapter  introduces  some  concepts  that  will  be  used 
later  in  chapter  IV,  and  reviews  the  work  done  so  far  in  this 
area.  A  discussion  of  the  configuration  coordinate  diagram  is 
given  in  section  2.1.  The  ideas  presented  here  are  very 
important  in  understanding  the  excitation  mechanism.  A  brief 
overview  of  the  physics  of  rare  earth  doped  II-VI 
semiconductors,  particularly  the  excitation  mechanisms  of  the 
4f  shell  is  presented  in  section  2.2.  As  mentioned,  most  of 
the  work  on  RE  doped  semiconductors  have  been  done  on  II-VI 
compounds.  Therefore,  a  review  of  these  systems  will  be  very 
useful  in  our  understanding  of  the  excitation  mechanisms  of 
the  4f  shell.  Finally,  a  comprehensive  review  of  previous 
studies  of  RE  doped  III-V  semiconductors  is  presented  in 
section  2.3. 


2.1  Configuration  Coordinate  Diagram 

The  configuration  coordinate  (CC)  diagram  provides  a 
framework  for  qualitative  discussions  of  excitation  and 
relaxation  processes  in  semiconductors,  and  it  will  be  very 
useful  in  the  description  of  the  4f-shell  excitation 
mechanisms.  The  qualitative  basis  of  the  CC  diagram  is  the 
recognition  that  a  change  in  the  charge  state  of  a  defect 
causes  a  change  in  the  bonding  to  the  neighboring  atoms,  and 
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consequently  a  change  in  the  relative  position  of  these  atoms 
(Boer  [1990],  pp.  494-501).  Therefore,  after  trapping  a 
charged  particle,  the  surrounding  atoms  will  relax  to  a  new 
equilibriiim  position.  In  addition,  the  electronic  eigenstate 
of  the  defect  will  also  be  affected  by  the  change  in  the 
charge  state.  Consequently,  after  the  trapping  of  a  charge 
carrier,  the  defect  relaxes  and  the  electronic  defect  level 
changes.  A  similar  process  occurs  when  an  electron  within  the 
defect  is  excited  from  the  ground  state  into  an  excited  state 
with  a  different  wavefunction.  The  excited  state  will  require 
a  somewhat  longer  space.  This  will  cause  a  change  in  the 
bonding  to  the  neighboring  atoms,  thus  resulting  in  a  change 
of  the  atomic  configuration.  The  CC  diagram  presents  a 
pictorial  representation  of  these  processes.  It  depicts  the 
coupling  between  the  elastic  energy  and  the  electron-lattice 
interaction  energy.  In  the  simple  harmonic  approximation,  the 
Hamiltonian  of  the  lattice  energy  is  given  by; 

where  u  is  the  lattice  distortion  and  B  is  the  restoring  force 
constant.  Using  normal  coordinates: 

Ho  =  *  M2a)2g2) , 

where  p  =  Mdu/dt  and  q  =  u  =  R  -  R,.  The  basic  assumption  of 
the  CC  diagram  is  that  the  effect  of  the  electronic  transition 
can  be  treated  as  a  linear  perturbation  of  H.  which  results  in 


a  shift  in  the  equilibrium  position,  i.e.  the  total 
Hamiltonian  is: 


where  r  is  the  electronic  interaction  force.  This  Hamiltonian 
gives  a  displaced  parabola.  This  is  easily  seen  with  a  change 
of  coordinates: 

then 

H  =  -  tq 


Therefore,  after  capturing  of  an  electron  the  energy  as  a 
function  of  the  distortion  coordinate  will  be  given  by  a 
displaced  parabola  with  its  minimum  at  (E  -  rV26,  q  +  rS) , 
and  the  relaxation  energy  is  given  by  =  -tV26.  The 
electronic  interaction  force,  t,  is  proportional  to  a  coupling 
constant  called  the  Huang-Rhys  factor,  and  B  is  proportional 
to  the  square  of  the  breathing  mode  frequency  (close  to  the  LO 
phonon  frequency) .  Actual  systems  deviate  somewhat  from  this 
simple  model,  and  higher  order  terms  must  be  taken  into 
account  in  the  Hamiltonian  describing  the  lattice  distortion 
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parabola  is  deformed  in  addition  to  being  shifted.  Deep  level 
defects  show  strong  lattice  coupling,  therefore  optical 
transitions  from  these  defects  are  characterized  by  linewidths 
of  several  hundred  meV.  Various  experimental  techniques  have 
been  developed  to  obtain  the  CC  diagram  for  a  particular 
system.  However,  in  this  work  our  use  of  the  CC  diagram  will 
be  mainly  descriptive  since  more  work  needs  to  be  done  in 
order  to  obtain  the  necessary  parameters. 


2.2  Rare  Earth  Doped  ll-VI  Semiconductors 

In  II-VI  compounds,  the  RE  ions  are  substitutional  and 
usually  occupy  metal  sites.  However,  RE  elements  have  a 
tendency  to  form  complexes  with  other  impurities  such  as  P 
atoms  and  with  group  I  elements  (Boyn  [1988]).  Knowledge  of 
the  relative  position  of  the  energy  levels  of  the  RE  ions  with 
respect  to  those  of  the  crystal  is  very  limited.  The  RE’"^ 
ground  state  lies  most  probably  within  the  valence  band,  while 
the  RE**  ground  state  level  should  be  located  near  the 
conduction  band.  Exceptions  to  this  are  Yb**  and  Eu**  in  ZnS 
which  lie  in  the  middle  of  the  bandgap  (Przybylinska  et  al. 
[1989]).'  Theoretical  estimates  by  Swiatek  et  al.  [1990] 
indicate  that  in  ZnS  the  RE**  level  of  Yb,  Eu,  Sm,  and  Tm  lies 
in  the  bandgap. 

In  order  to  maintain  charge  neutrality,  group  I  elements 
are  normally  used  as  charge  compensators  in  RE  doped  II-VI 
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compounds.  The  addition  of  group  I  elements  facilitates  the 
introduction  of  RE  ions  into  the  lattice,  and  have  been  found 
to  strongly  enhance  the  RE^"^  emissions  (Boyn,  [1988]). 

2.2.1  Excitation  Mechanisms 

Boyn  [1988]  classifies  the  excitation  mechanisms  of  the  4f 
shell  according  to  three  types  of  processes: 

a.  Direct  excitation  of  the  4f  shell; 

b.  Excitation  of  impurity  states  outside  the  4f  shell, 
followed  by  non-radiative  energy  transfer  to  the 
4f  shell; 

c.  Excitation  by  (free)  excitons  and  electron-hole 
pairs. 

Direct  excitation  of  the  4f  shell  is  characterized  by  the 
presence  of  sharp  lines  in  the  excitation  spectrum,  while 
type  b  and  c  processes  appear  as  broad  bands  in  the  excitation 
spectrum . 

In  type  b  processes,  the  primary  excitation  process  is 
followed  by  nonradiative  energy  transfer  to  the  4f  shell. 
These  processes  can  be  further  subdivided  into  three 
categories : 

bl.  Excitation  of  RE  ions  by  sensitizing  impurities 
or  centers.  An  example  of  such  a  process  is  the 
excitation  of  the  4f  shell  in  ZnS; (RE+Cu)  where  Cu 
acts  as  the  sensitizing  center  (Kroger  and  Dikhoff 
[1950]).  Another  example  is  the  transfer  of  the 
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^combination  energy  from  donor-acceptor  pairs,  a 
theoretical  discussion  of  which  can  be  found  in 
Shaffer  and  Williams  [1970]. 

b2.  Transitions  between  external  states  of  RE 
centers.  Examples  of  this  type  of  process  are  charge 
transfer  and  5d  to  4f  transitions,  which  are  common  in 
ionic  hosts. 

b3.  Excitation  of  donor-acceptor  pairs  involving  the 
RE  ions  as  the  donors  and  som^  other  impurity  as  the 
acceptor.  According  to  Boyn  [1988],  in  this 
transition  an  electron  is  promoted  from  an  acceptor 
state  to  a  spatially  overlapping  (shallow)  donor 
state.  Due  to  the  strong  coupling  to  phonons,  these 
transitions  will  give  rise  to  broad  bands  well  below 
E,  in  the  excitation  spectrum.  A  variation  of  this 
type  of  process  occurs  when  complex  RE  centers  act  as 
acceptors. 

Since  all  three  subtypes  of  type  b  processes,  as  well  as 
type  c  processes,  give  rise  to  broad  excitation  bands,  it  is 
very  difficult  to  distinguish  between  them.  Type  b2  processes 
are  characteristic  of  a  specific  center,  therefore,  they  will 
be  observed  in  different  samples  containing  that  center.  On 
the  other  hand,  type  b2  processes  are  characteristic  of  the 
samples,  i.e.,  will  be  observed  for  all  the  centers  in  the 
sample.  In  the  case  of  b3  processes,  there  are  no  simple 
rules  to  differentiate  them  from  bl  and  b2  processes. 
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Furthermore,  the  excitation  spectra  of  some  samples  exhibit 
all  these  types  of  excitation  mechanisms. 

2.3  Rare  Earth  Doped  III-V  Semiconductors 

Research  efforts  on  the  physical  properties  of  rare  earth 
doped  III-V  semiconductors  have  intensified  during  the  past 
few  years  due  to  potential  applications  in  new  optoelectronic 
devices.  However,  these  materials  are  still  poorly 
understood.  In  particular  the  excitation  and  de-excitation 
mechanisms  of  the  4f  shell  are  not  well  understood.  This 

I 

section  presents  a  comprehensive  review  of  the  work  done  on 
this  research  area. 

2.3.1  Ytterbium 

Among  the  RE  elements,  Yb  has  been  the  subject  of  most 

i 

investigations  on  RE  doped  III-V  semiconductors,  in  particular 

I 

InP:Yb.  Ytterbium  intr4-4f-shell  emissions  have  been  observed 
in  InP,  Gap,  GaAs  (Enrien  and  Sneider  [1984],  Ennen  et  al. 
[1985]),  AlGaAs  (Colon  [1988]),  and  GalnP  (Kozanecki  et  al. 
[1989]).  The  emissions  are  observed  near  1.0  jum  and  are  due 
to  the  transition  between  the  crystal  field  split  states  %n 
and  of  Yb^'*'.  Photoluminescence  excitation  (Wagner  et  al. 
[1984])  and  Zeeman  experiments  (Azodi  et  al.  [1985])  on  InP:Yb 
have  shown  all  emissions  around  1  urn  originate  from  a  single 
center  with  cubic  symmetry,  assumed  to  be  a  substitutional  Yb 
ion  in  a  cation  site.  This  is  also  indicated  by  the  fact  that 
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all  InP:Yb  samples  show  the  same  emissions  near  1.0  /im, 
independent  of  doping  method  and  sample  treatment  (such  as 
annealing)  .  The  Yb  emission  spectrum  changes  significantly  in 
Ga;,In,.,P: Yb  (Kozanecki  et  al.  (1989])  due  to  the  presence  of  a 
second  luminescent  center  emitting  near  1.0  tin.  This  center 
has  noncubic  symmetry  and  it  appears  even  with  very  small 
concentrations  of  Ga  (x  =  .5%) .  It  has  been  assigned  to  an  Yb 
ion  on  a  substitutional  cation  site  perturbed  by  the  presence 
of  a  Ga  ion  in  the  next  nearest  neighbor  position.  Kozanecki 
et  al.  noticed  that  the  ratio  of  the  intensities  of  the 
emissions  from  the  cubic  center  to  those  of  the  noncubic 
center  exceeds  the  ratio  of  the  respective  probabilities  for 
each  center  by  a  factor  of  4  to  5.  According  to  the  authors, 
this  is  due  either  to  a  more  efficient  excitation  mechanism  of 
the  noncubic  center  or  to  an  energy  transfer  from  the  cubic  to 
the  lower  symmetry  center.  Also,  for  x  >  0.1,  all  Yb 
emissions  broaden,  forming  a  broad  structureless  band.  The 
same  results  were  obtained  for  the  ion  implanted  samples  and 
for  the  samples  where  Yb  was  doped  during  the  growth  process 
(Kozanecki  et  al.  [1989]).  Another  interesting  variation  of 
the  InP:Yb  system  is  InAs,P,.,,  where  the  hope  is  to  narrow  the 
bandgap  energy  to  obtain  a  resonant  effect. 

Photoluminescence  studies  of  these  systems  were  done  by 
Neuhalfen  and  Wessels  [1991]  for  x  =  0  to  0.98.  For  x  =  0, 
0.11,  0.12  ,  and  0.17,  it  was  found  that  the  main  Yb  peak 
shifts  toward  smaller  energies  as  x  increases, i.e. ,  as  the 
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bandgap  energy  decreases.  Of  all  the  alloys,  x  =  0.17  showed 
the  stronger  emissions  (although  somewhat  weaker  than  Yb 
emissions  from  InP)  presumably  because  of  a  resonant  effect. 
No  intra-4f  emissions  can  be  seen  from  the  samples  with 
X  >  0.2,  which  is  interpreted  by  the  authors  as  evidence  that 
the  Yb  level  for  x  2:  0.2  is  either  resonant  with  the  valence 
band  or  below  the  valence  band. 

It  should  be  pointed  out  that  the  behavior  of  Yb  in  InP 
does  not  seem  to  be  characteristic  of  Yb  in  other  III~V  hosts 
or  other  RE  elements  in  III-V  semiconductors.  Indeed, 
Rutherford  backscattering  experiments  (Kozanecki  and 
Groetzschel  [1988,  1990])  have  shown  that  Yb  in  GaAs,  GaP,  and 
AlGaiAs  occupies  non-substitutional  sites  in  the  lattice. 
Also,  Rutherford  backscattering  (RBS)  experiments  have  shown 
that  in  these  hosts  Yb  diffuses  to  the  surface  and  forms 
precipitates.  Contrary  to  the  case  in  InP:Yb,  in  these 
materials  the  PL  emission  spectra  around  1.0  /xm  depend  upon 
the  particular  doping  method  used.  Furthermore,  strong 
luminescence  near  1.0  urn  is  only  observed  in  In  based 
semiconductors,  whereas  Ga  based  semiconductors  show  very  weak 
or  no  Yb  emissions. 

2.3.2  Erbium 

Erbium  has  been  introduced  into  II I -V  semiconductors  using 
different  techniques  such  as  ion  implantation  (Pomrenke  et  al. 
[1986]),  molecular  beam  epitaxy  (Ennen  et  al.  [1987]),  licjuid 
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phase  epitaxy  (Bantien  et  al.  [1987]),  MOCVD  (Uwai  et  al. 
[1987]),  and  diffusion  (Zhao  et  al.  [198'  ■ ) .  The  host 
semiconductors  have  included  InP,  GaP,  GaAs,  AlGaAs,  GalnAsP, 
and  the  quantum  well  GaAs/AlGaAs  (Galtier  et  al.  [1988]) .  The 
Ex^'^  emissions  are  observed  near  1.54  nm  and  are  due  to  the 
intra-4f  transition  between  the  crystal  field  split  states  *Ii3a 
and  *lisr2  of  Er^'^.  Figure  1  shows  an  energy  level  diagram  of 
Er^^.  The  figure  also  indicates  the  bandgaps  of  GaAs  and 
Al,Ga,.^s  for  comparison  purposes.  Note  that  the  energy 
difference  between  other  excited  states  (i.e.,  at  higher 
energy  than  the  level)  and  the  ground  state  is  smaller 

than  the  bandgap  of  the  host  semiconductor.  In  particular, 
the  *I„/j  state  is  approximately  1.3  eV  from  the  ground  state, 
which  is  smaller  than  the  GaAs  bandgap,  and  therefore  it 
should  be  possible  to  observe  the  transitions  originating  from 
this  level.  Also,  the  level  is  approximately  1.5  eV  from 
the  ground  state,  i.e.  nearly  resonant  with  the  GaAs  bandgap. 
However,  in  the  low  temperature  PL  of  GaAs,  only  the  *I,j„  -♦  *1,,^ 
transition  is  observed.  We  will  return  to  this  point  later 
when  discussing  the  results.  As  mentioned,  the  4f  levels  are 
shielded  from  the  crystalline  environment  by  the  filled  outer 
shells.  As  a  result,  the  crystal  field  splitting  is  only  10% 
(or  less)  of  the  spin-orbit  splitting.  This  is  illustrated  in 
figure  2,  which  shows  the  splitting  of  the  *1,,^  and  levels 
in  a  cubic  field,  and  the  order  of  magnitude  of  the  crystal 
field  and  spin-orbit  splitting.  As  shown  in  the  figure,  in  a 
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Figure  2  Stark  splitting  of  the  ^1,3/^  and  *1,5,2  energy  levels 
of  Er^"^  in  a  cubic  crystal  field 


cubic  field  both  levels  are  split  into  five  sublevels.  The 
spacing  among  sublevels  in  a  multiplet  was  selected 
arbitrarily  because  the  exact  value  will  change  for  each 
individual  case.  Transitions  among  sublevels  in  a  given 
multiplet  will  occur  in  the  order  of  one  nanosecond  or  less, 
while  the  radiative  transition  between  the  ^I,vj  and  levels 
has  a  lifetime  of  approximately  one  millisecond.  Thus,  we  can 
expect  that  all  emissions  observed  in  the  low  temperature  PL 
spectrum  are  due  to  transitions  between  the  lowest  level  in 
the  upper  multiplet  and  the  ground  state  multiplet,  as  shown 
in  the  figure.  Therefore,  for  a  single  Er  center  in  a  cubic 
field,  only  five  emissions  are  expected.  When  the  Er  ion 
occupies  a  site  with  the  lowest  symmetry,  the  ground  state 
will  split  into  eight  sublevels,  and  thus  only  eight  emissions 
would  be  expected  from  a  given  Er-related  center.  However,  in 
most  cases  the  low  temperature  PL  of  GaAsrEr  shows  many  more 
emissions  than  expected  for  a  single  center.  The  spectra  of 
Er  in  III-V  semiconductors  are  dependent  upon  both  the 
particular  conditions  of  the  sample  preparation  and  the  host 
semiconductor.  For  example,  ion  implanted  samples  have  very 
complex  emission  spectra  with  up  to  40  Er  related  emission 
lines,  while  erbium  doped  LPE  samples  show  rather  simple 
emission  spectra  with  only  five  Er  lines.  This  would  indicate 
that  the  Er  emissions  originate  from  multiple  luminescent 
centers.  In  fact,  isochronal  annealing  studies  of  ion 
implanted  GaAs:Er  (Klein  et  al.  [1991])  have  shown  that  the 
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1.54  /in  emissions  originate  from  at  least  five  different 
luminescent  centers.  The  presence  of  multiple  luminescent 
centers  is  due  to  Er  ions  at  different  lattice  locations 
and/or  the  formation  of  complexes  between  Er  and  other 
impurities.  The  exact  nature  of  these  centers  is  not  known. 
Electron  spin  resonance  (ESR)  studies  of  InP:Er  (Masterov  et 
al.  [1987]),  and  EPR  studies  of  GaAs:Er  by  Baeumber  et  al. 
[1987],  as  well  as  an  RBS  study  of  MBE-grown  GaAs:Er  (Galtier 
et  al.  [1988])  have  given  results  that  are  consistent  with  Er 
occupying  substitutional  sites.  However,  because  of  the 
tendency  of  Er  to  form  different  luminescent  centers,  the 
nature  of  which  depends  upon  the  particular  growth  or  doping 
method  used,  such  studies  are  far  from  conclusive. 

A  very  important  question  that  must  be  addressed  is  the 
charge  state  of  the  Er  ion  in  III-V  semiconductors.  Although 
the  emissions  near  1.54  /im  are  due  to  transitions  between  4f 
states  of  Er**,  electron  paramagnetic  experiments  (EPR)  on  ion 
implanted  GaAsiEr  done  by  Klein  et  al.  [1991a,  1991b]  showed 
that  the  great  majority  of  Er  ions  (99.9%)  are  in  the  2+ 
state.  Therefore,  excitation  of  Er**  must  involve  an 
ionization  process.  However,  this  seems  to  contradict  the 
previous  reports  of  resonant  excitation  of  the  Er  emissions 
from  MBE-grown  GaAsrEr  by  Ennen  et  al.  [1987],  since  resonant 
excitation  would  not  be  possible  if  Er  were  in  the  2+  state. 
More  experimental  and  theoretical  work  is  necessary  to  resolve 
these  contradictory  results.  Another  important  question  that 
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night  be  related  to  the  charge  state  of  £r  is  why  the 
transition  from  the  *I„;j  excited  state  to  the  ground  state 
is  normally  not  observed  in  photoluminescence  experiments. 
Such  transitions  have  been  observed  around  988  nm  in  the 
electroluminescence  spectrum  of  GaAs:Er  but  not  in  the  PL 
spectrum  (Isshiki  et  al.  [1990]).  Recently,  it  was  reported 
that  the  988  nm  emissions  were  observed  in  the 
photoluminescence  of  MBE-grown  Alo55Gao.45As:Er  (Benyattou  et  al. 
[1992]). 

2.3.3  Other  Rare  Earth  Systems 

There  are  very  few  studies  of  III-V  semiconductors  doped 
with  RE  elements  other  than  Yb  or  Er.  Intra-4f  luminescence 
has  been  observed  in  the  cases  of  Nd,  Pr,  and  Tm  doped  into 
either  GaAs,  GaP,  AlGaAs,  or  InP  as  the  host  semiconductor. 
The  RE  elements  Ce,  Gd,  and  Dy  have  also  been  introduced  as 
dopants  into  III-V  semiconductors  (Zakharenkov  et  al.  [1985], 
Berman  et  al.  [1985],  Bagraev  et  al.  [1983],  Physkin  et  al. 
[1968]),  however,  no  intra-4f  luminescence  from  these  systems 
has  been  reported.  Electron  spin  resonance  experiments  have 
shown  that  Eu  in  InP  is  in  the  Eu^'*’  state  (Zakharenkov  et  al. 
[1985]).  Also,  the  effect  of  adding  Eu  to  the  melt  (in  InP) 
was  studied  using  Raman  spectroscopy  by  Bairamov  et  al.  [1990] 
however,  the  objective  of  that  work  was  to  study  the  so- 
called  ''purification"  effect  of  the  RE  elements  (i.e., 
addition  of  RE  elements  to  the  melt  reduces  accidental 


impurities  by  forming  precipitates)  and  no  mention  was  made  of 
the  luminescence  from  InP:Eu.  There  are  some  luminescence 
studies  of  GaP:Dy  and  GaPrCe  films  (Kasatkin  et  al.  [1978], 
[1979]),  but  only  broadband  luminescence  was  observed. 

Neodymium  has  been  introduced  as  a  dopant  into  GaP,  GaAs, 
and  AlGaAs  by  ion  implantation  (Hiiller  et  al.  [1986],  Wagner 
et  al.  [1986],  Kozanecki  and  Groetzschel  [1991])  and  MOCVD 
(Nakagome  and  Takahei  [1989]).  In  all  cases,  the  luminescence 
spectrum  shows  three  sets  of  sharp  lines  near  0.92,  1.1,  and 
1.4  urn,  corresponding  to  the  transitions  from  the  state  ^Fj/^  to 
the  states  *19/2,  of  Nd*"^,  respectively.  Selective 
excitation  luminescence  experiments  (SEL)  have  shown  that  in 
GaP:Nd  the  4f  emissions  originate  from  more  than  one 
luminescent  center  with  noncubic  symmetry.  An  interesting 
result  from  the  SEL  experiments  is  that  excitation  of  Nd*"^ 
with  energy  greater  than  the  bandgap  is  about  five  times  more 
efficient  than  resonant  excitation  (in  GaP) .  Also,  RBS 
experiments  (Kozanecki  and  Groetzschel  [1991])  have  shown  that 
Nd  occupies  non-substitutional  sites  in  GaP,  GaAs,  and  AlGaAs. 

The  luminescence!  spectrum  of  GaPzPr  has  been  studied  by 
Kasatkin  et  al.  [1981],  Kasatkin  [1985],  Gippius  et  al. 
[1986],  and  Pomrenke  1[1989] .  Kasatkin  [1985]  found  four  sets 
of  sharp  emissions  ih  the  ranges  1.24-1.35,  1.68-1.75,  1.9- 
2.04,  and  2. 2 -2. 3  eV  that  were  interpreted  as  due  to  intra-4f 
transitions  of  Pr^"^.  Pomrenke  [1989]  studied  the  luminescence 
from  GaAszPr  and  InPzPr.  Three  sets  of  sharp  lines  were 


observed  around  1.6,  1.35,  and  1.05  nm.  These  emissions  were 
assigned  to  the  transitions  of  ^Fj  -*  ‘H4,  ‘G4  -♦  'G4  -►  ^H4  of 

Pr^"^,  respectively.  Pomrenke  [1989]  also  studied  the 
luminescence  of  Tm  implanted  GaAs  and  InP,  and  Ho  implanted 
GaAs.  The  emission  spectrum  of  GaAs:Tm  consisted  of  several 
sharp  lines  near  1.22  nm  assigned  to  the  transition  of 
of  Tm*"^,  whereas  InPrTm  only  showed  a  very  weak  emission  near 
1.23  urn.  The  results  for  GaAs:Ho  were  not  clear,  although  a 
very  weak  emission  that  might  be  due  to  Ho*"^  was  observed. 

2.3.4  Electrical  properties 

Very  little  is  known  about  the  electrical  behavior  of  RE 
ions  in  III-V  semiconductors.  Theoretical  studies  by 
Hemstreet  [1986]  predicted  that  Yb  in  InP  would  behave  as  an 
acceptor,  however,  EPR  measurements  (Lambert  et  al.  [1989]) 
have  shown  that  the  Yb^^  acceptor  level  is  not  in  the  bandgap. 
Later  results  indicate  that  RE  ions  tend  to  introduce 
isoelectronic  traps  into  the  bandgap.  These  traps  do  not 
contribute  carriers  by  themselves  but  can  capture  free 
carriers  and  bind  excitons  (Thonke  et  al.  [1991]).  In  the 
case  of  Yb,  an  electron  trap  of  30  meV  below  the  conduction 
band  was  found  from  DLTS  measurements  (Withney  et  al.  [1988]) . 
Within  experimental  error,  the  trap  concentration  was  found  to 
be  the  same  as  the  concentration  of  Yb.  Similar  results  were 
reported  by  Lambert  et  al.  [1989]  from  temperature  dependent 
Hall  measurements  on  InP:Yb  and  InP:Er.  It  was  found  that 
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both  Yb  and  Er  introduce  electron  traps  at  30  and  60  meV  below 
the  conduction  band,  respectively.  Admittance  spectroscopy 
experiments  (Smith  et  al.  [1987])  have  shown  that  in  MBE~grown 
GaAs:Er,  Er  introduces  a  trapping  level  in  the  bandgap  of 
GaAs,  unfortunately  neither  the  nature  of  the  trapping  level 
(hole  or  electron  trap)  nor  the  energy  of  the  level  could  be 
determined  from  the  experiments.  Another  case  where  RE  ions 
have  been  found  to  introduce  isoelectronic  traps  is  GaAs: Yb. 
A  band  of  trapping  levels  near  0.7  eV  were  reported  by  Takahei 
et  al.  [1990]  in  MOCVD  grown  GaAs:Er.  More  recent  results 
have  shown  that  Yb  also  introduces  a  hole  trap  in  p-type  InP 
at  40  ±  10  meV  above  the  valence  band  (Seghier  et  al.  [1991]). 
Lambert  et  al.  [1991]  and  Seghier  et  al.  [1991]  believe  that 
Yb  introduces  an  isoelectronic  trap  in  InP  that  can  bind 
either  holes  or  electrons.  As  it  will  be  discussed  in  the 
next  section,  the  tendency  of  RE  ions  to  introduce 
isoelectronic  traps  into  the  bandgap  is  closely  related  to  the 
excitation  mechanism  of  the  intra-4f  emissions. 


2.3.5  Excitation  Mechanism 

One  of  the  most  important  obstacles  to  the  development  of 
optoelectronic  devices  based  on  RE  doped  III-V  semiconductors 
is  the  lack  of  understanding  of  the  intra-4f-shell  excitation 
mechanism.  Host  of  the  work  in  this  area  has  been  done  on 
InP:Yb,  although  there  has  been  some  work  on  GaP:Yb,  GaAsiEr, 
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and  GaP:Nd  (Kasatkin  and  Savel'ev  [1984],  Tagushi  et  al. 
[1990],  Ennen  et  al.  [1987],  and  Donegan  [1990]). 
Experimental  techniques  used  to  understand  the  excitation 
mechanism  include  photoluminescence  excitation  (Wagner  et  al. 
[1984],  Kasatkin  and  Savel'ev  [1984],  Korber  and  Hangleiter 
[1988]),  ESR  measurements  (Masterov  et  al.  [1983]),  time 
resolved  electroluminescence  (Kasatkin  et  al.  [1985]),  time 
resolved  PL  (Klein  [1988],  Korber  and  Hangleiter  [1988],  and 
Benyattou  et  al.  [1991]),  electrical  measurements  (Kasatkin 
and  Romanov  [1985]),  EPR  measurements  (Klein  et  al.  [1991]), 
and  optically  detected  cyclotron  resonance  (  Godlewski  et  al. 
[1990],  and  Heijmink  et  al.  [1991]).  An  overview  of  the  work 
done  up  to  the  present  will  be  presented  in  this  section. 

2.3.5. 1  Ytterbixun  in  inP,  Gap,  and  GaAs 

The  most  important  disagreement  among  researchers  has  been 
whether  below-bandgap  states  are  involved  in  the  excitation  of 
Yb^"*^  or  not.  Kasatkin  and  Savel'ev  [1984]  believe  D-A  pairs 
are  involved  in  the  excitation  of  Yb  emissions  from  GaP  and 
InP.  In  their  SEL  experiments,  the  excitation  spectrum  of  the 
main  Yb  emission  from  GaPrYb  was  virtually  the  same  as  the  D-A 
excitation  spectrum,  independent  of  the  Yb  concentration.  In 
contrast,  both  the  emission  and  excitation  spectrum  of  InP;Yb 
showed  a  dependence  on  the  Yb  concentration.  For  Yb 
concentrations  smaller  than  the  concentration  of  D-A  pairs, 
the  luminescence  spectrum  showed  D-A  emissions.  However,  for 
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Yb  concentrations  equal  or  greater  than  the  DA 
concentrations,  the  luminescence  due  to  D-A  recombination  was 
quenched.  At  high  Yb  concentrations,  the  excitation  spectrum 
showed  a  decrease  of  the  Yb  luminescence  as  the  excitation 
energy  was  decreased  below  bandgap,  but  it  showed  a  peak  at 
the  same  energy  position  where  the  excitation  of  D-A  pairs  was 
maximum  ( i .  e . ,  in  the  InP  samples  without  Yb) .  Based  on  these 
results,  Kasatkin  and  Savel'ev  concluded  that  excitation  of 
Yb**  in  InP  and  GaP  proceeds  through  an  Auger  recombination 
process,  in  which  the  recombination  energy  of  an  cxciton  or  a 
D-A  pair  is  transferred  nonradiatively  (by  the  Coulomb 
interaction)  to  the  4f  shell.  Kasatkin  et  al.  [1985]  used 
this  model  to  interpret  their  results  from  the  time  resolved 
eletro luminescence  experiments.  In  this  model  the  rate 
equation  for  the  Yb**  excitation  can  be  written  as 

dn(t),  ^  kn{t)  _  n(t)^ 

dt  T  T,  ■ 

The  solution  to  this  equation  is 

n{t)  ^  [exp(-— )  -  exp(-— )  ] , 

T,  T 

where  t.  is  the  lifetime  of  Yb  ions  in  an  excited  state,  k  is 
the  fraction  of  donor-acceptor  pairs  participating  in  the 
excitation,  n(t)  is  the  concentration  of  donor-acceptor  pairs, 

T  is  the  lifetime  of  an  excited  pair,  and  n„  is  the  numb-'r  of 
donor-acceptor  pairs.  Kasatkin  et  al.  found  that  this  last 
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equation  fit  their  data  with  values  of  t,  =  9  fisec  and  r  -  2 
nsec. 

Contrary  to  these  results,  SEL  experiments  on  InPrYb  by 
Korber  and  Hangleiter  [1988]  showed  no  evidence  of  Yb^"^ 
excitation  by  below  bandgap  states  (such  as  D-A) .  Also 
lifetime  measurements  (Korber  and  Hangleiter  [1988],  Klein 
[1988],  Pomrenke  [1989])  did  not  show  the  time  delay  in  the 
rise  of  the  Yb^**^  signal  seen  by  Kasatkin  et  al.  [1985]. 

More  recently,  Takahei  et  al.  [1989]  proposed  a  model  in 
which  excitation  of  Yb*"^  in  InP  proceeds  through  the  Yb 
electron  trap  (see  section  on  electrical  properties) .  Figure 
3a  shows  the  configuration  coordinate  diagram  representing 
different  energy  states  (host  +  4f  shell)  during  the 
excitation  process.  In  the  diagram,  the  horizontal  axis  is 
the  lattice  distortion  around  Yb.  The  vertical  axis  is  the 
total  energy  of  the  4f  electrons,  host  electrons,  and  lattice 
distortion.  Four  energy  states  are  shown.  Figure  3b  shows 
the  configuration  of  the  host  and  the  4f  shell  for  each  state 
illustrated  in  Fig.  3a.  In  state  (1),  the  4f  shell  is  in  the 
ground  state  and  the  Yb  trap  is  empty.  Ii.  state  (2),  the  4f 
shell  is  in  the  ground  state,  and  one  electron  is  excited  from 
the  valence  band  to  the  conduction  band,  leaving  a  hole  in  the 
valence  band.  In  state  (3),  an  electron  is  trapped  by  Yb. 
Because  the  electron  attractive  potential  is  a  short  range 
potential  (non-Coulombic) ,  the  electron  is  localized  around 
the  Yb  site,  probably  causing  large  distortions  in  the  lattice 
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as  indicated  by  the  shift  in  the  horizontal  direction.  In 
state  (4) ,  the  electron  at  the  Yb  trap  has  recombined  with  a 
hole  in  the  valence  band,  while  the  4f  shell  is  in  the  excited 
state.  Above-bandgap  excitation  of  Yb^"^  would  proceed  as 
follows: 

i.  Activation  from  state  (l)  to  state  (2),  either  by 
photo-excitation  or  by  carrier  injection  into  a  pn 
junction; 

ii.  Relaxation  from  state  (2)  to  state  (3)  by  capture  of 
an  electron  by  the  Yb  trap; 

iii.  Relaxation  from  state  (3)  to  state  (4)  due  to 
recombination  of  the  electron-hole  pair  and  nonrad Lative 
transfer  to  the  4f-shell. 

iv.  Relaxation  from  state  (4)  to  state  (1)  by  radi  itive 
transition  of  the  intra-4f-shell  electrons. 

The  excitation  spectrum  of  InP:Yb  shows  a  small  peak  for  some 
samples  around  the  D-A  energy  position.  Takahei  et  al.  [1989] 
proposed  two  possible  mechanisms  of  below-bandgap  excitation 
of  Yb^'*’  (other  than  resonant  excitation  that  occurs  near 
910  nm,  Wagner  et  al.  [1984]).  These  mechanisms  proceed  as 
follows; 

I. 

1.  Excitation  of  electrons  at  acceptors  into  the  conduction 
band ; 

2.  Capture  of  elections  by  the  electron  trap  associated 
with  Yb*-"; 
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3 .  Recombination  of  electrons  at  the  trap  and  holes  at 
acceptors  with  simultaneous  excitation  of 
II. 

1.  Excitation  of  electrons  from  the  valence  band  to  the 
electron  trap  associated  with  Yb^; 

2.  Recombination  of  electrons  at  the  trap  with  holes  in  the 
valence  band,  or  at  neutral  acceptors,  with  the 
simultaneous  excitation  of  Yb^^. 

Mechanism  I  can  only  take  place  in  the  samples  with  a  high 
concentration  of  either  Yb  or  acceptors.  This  is  because  the 
average  distance  between  the  Yb  ion  and  the  acceptors  will  be 
larger  in  samples  with  low  Yb  concentration,  thus  making  the 
interaction  between  the  Yb  ions  and  the  acceptors  less 
probable.  For  mechanism  II,  to  be  effective  there  must  be 
empty  states  in  the  electron  trap,  which  will  require  the 
donor  concentration  to  be  smaller  than  the  sum  of  acceptors 
and  trap  concentration.  This  condition  is  necessary  because 
electrons  ionized  from  donors  will  occupy  some  of  the  states 
in  the  electron  trap.  Therefore,  below-  bandgap  excitation  of 
Yb  is  possible  only  in  a  p-type  sample  or  in  a  heavily  Yb 
doped  sample . 

Although  further  experimental  evidence  implying  excitation 
of  Yb*'^  in  InP  by  excitons  bound  at  the  Yb  related  trap  has 
been  reported,  there  is  some  discussion  about  whether  the  30 
meV  electron  trap  found  by  DLTS  is  the  level  involved  in  the 
4f  shell  excitation.  Absorption  experiments  by  Thonke  et  al. 


[1990]  indicated  only  a  small  fraction  of  Yb  ions  was 
optically  active,  while  DLTS  experiments  (Withney  et  al. 
[1989])  showed  the  concentration  of  the  electron  trap  was 
approximately  the  same  as  the  Yb  concentration.  Furthermore, 
photoconductivity  (PC)  experiments  by  Thonke  et  al.  [1990] 
seem  to  favor  a  model  in  which  Yb^*^  excitation  proceeds 
through  a  hole  trap.  Ytterbium  doped  samples  showed  a  strong 
decrc.se  in  PC  upon  excitation  with  energies  greater  than  the 
InP  bandgap  (E^)  when  compared  to  the  samples  without  Yb,  The 
PC  spectrum  of  InP  (without  Yb)  showed  a  strong  peak  at  E^,  as 
well  as  sharp  and  strong  peaks  in  the  free  exciton  (FE) 
region.  However,  the  PC  spectrum  of  the  Yb  doped  sample  did 
not  show  the  bandedge  peak,  and  it  had  a  minimum  in  the  FE 
region.  These  results  suggest  very  efficient  trapping  of  free 
carriers  and  excitons  by  an  Yb  trap  right  upon  generation. 
Additionally,  in  the  Yb  doped  sample,  a  strong  PC  peak  appears 
at  1.39  eV  (approximately  30  meV  less  than  the  bandgap)  .  This 
peak  can  be  interpreted  as  due  to  excitation  of  electrons  from 
an  Yb  hole  trap  (30  meV  above  the  valence  band)  to  the 
conduction  band.  If  an  electron  trap  is  assumed  (such  as  the 
one  found  in  DLTS  experiments) ,  a  negative  PC  signal  would  be 
expected  at  this  position,  because  electrons  from  the  valence 
band  would  be  excited  to  the  electron  trap.  As  was  mentioned 
in  the  previous  section,  a  hole  trap  in  p-type  InPcYb  was 
found  later  by  Seghier  et  al.  [1991].  Also,  temperature 
dependent  Hall  measurements  by  L'homer  et  al.  [1991]  found  the 


presence  of  both  an  electron  and  a  hole  trap,  both  with 
activation  energies  of  40  neV^  Measurements  of  the  bandedge 
luminescence  decay  time  from  n-type  InPrYb  (L' homer  et  al. 
[1991])  seem  to  confirm  the  hypothesis  by  Thonke  et  al. 
[1990].  In  the  experiment,  the  bandedge  luminescence  decay 
from  InP:Yb  was  studied  as  a  function  of  temperature  and 
excitation  density.  Their  data  gives  a  lifetime  of  350  nsec 
for  the  Yb  BE.  A  very  high  hole  capture  cross  section  of 
2  X  10*^/cm'^  was  determined,  which  is  two  orders  of  magnitude 
higher  than  the  capture  cross  section  for  the  electron  trap. 
The  binding  energy  of  the  Yb  BE  was  found  to  be  eipproximately 
90  meV.  The  model  by  L'homer  et  al.  implies  that,  in  n-type 
InP,  the  bandedge  luminescence  decay  time  and  subsequently  the 
PL  efficiency  of  Yb^"^  are  essentially  governed  by  the  trapping 
of  photocreated  holes. 

2 . 3 . 5 . 2  Erbium 

In  comparison  with  InP:Yb,  fewer  studies  dealt  with  the 
excitation  mechanism  of  the  4f  emissions  from  Er  doped  III-V 
semiconductors.  Bantien  et  al.  [1987]  and  Smith  et  al.  [1987] 
found  a  linear  increase  in  PL  intensity  as  the  laser 
excitation  power  increases,  with  no  sign  of  saturation.  Such 
behavior  is  similar  to  the  near  edge  excitonic  luminescence. 
However,  PL  studies  of  the  1.54  fxm  emissions  from 
Alo.55Gao45As:Er  have  shown  a  sublinear  relationship.  Benyattou 
et  al.  [1990,  1991]  found  that  the  PL  intensity  varied  as  the 


A  two  beam 


square  root  of  the  laser  excitation  power, 
experiment  was  carry  out  by  Benya ttou  et  al.  in  order  to 
understand  this  behavior.  In  that  experiment,  a  HeNe  laser 
was  used  to  pump  the  1.54  nn  emissions,  while  a  chopped  argon 
laser  was  used  as  a  probe  beam.  The  probe  beam  was  used  to 
generate  free  carriers.  In  order  to  avoid  any  pumping  of  the 
PL  signal  by  the  probe  beam,  the  lock-in  amplifier  was  set 
such  that  the  signal  was  completely  out  of  phase  with  the 
probe  beam.  When  the  probe  beam  and  the  pump  beam  spots 
overlap,  the  PL  intensity  decreased.  These  results  were 
explained  by  assuming  an  excitation  model  similar  to  that  of 
Yb  in  InP.  In  analogy  with  Yb,  it  was  assumed  that  Er 
introduces  an  isoelcctronic  trap  in  the  bandgap  that  can  bind 
excitons.  An  exciton  at  the  Er  trap  would  transfer  its 
recombination  energy  to  the  4f  shell,  thus  exciting  the  Er*"^. 
However,  the  bound  exciton  might  instead  transfer  its  energy 
to  a  free  carrier  by  an  Auger  process.  The  probability  of 
this  competing  Auger  process  will  be  proportional  to  the  free 
carrier  concentration,  i.e.,  the  probability  of  such  process 
will  be  Bn,  where  B  is  a  transfer  constant  and  n  is  the 
carrier  concentration.  The  total  probability  for  the  bound 
exciton  to  transfer  its  energy  to  an  Er  ion  is  (Benyattou  et 
al.  [1990,  1991])  given  by 
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p  =  • 

P,  +  Bn ' 

where  P,  is  the  Er  excitation  rate.  The  rate  of  Er  excitation 
is  given  by 


dt 


P. 

*  Bn 


where  n\  is  the  excited  Er  concentration,  is  the  number  of 
created  bound  excitons,  <p  is  the  light  flux,  and  r,  is  the 
excited  state  decay  constant.  Assuming  high  flux  and  a 
bimolecular  recombination  of  free  Carriers,  the  steady  state 
solution  of  the  rate  equation  is 


n 


C 


Therefore,  this  model  can  explain  the  square  root  dependence 
of  the  PL  intensity  as  a  function  of  the  excitation  power. 
Furthermore,  Benyattou  et  al.  found  a  good  fit  with  the 
results  from  their  two  beam  experiments.  An  oversight  of  the 
work  done  by  Benyattou  et  al.  is  that  the  energy  of  the  probe 
beam  is  actually  smaller  than  the  bandgap  of  Alo.55Gao4jAs.  This 
issue  will  be  addressed  in  the  discussion  of  the  results  of 
this  current  study. 


2.3.6  Quenching  Mechanism 

The  PL  intensity  of  the  intra-4f  emissions  from  RE  doped 
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III-V  semiconductors  depends  strongly  on  the  sample 
temperature,  i.e.,  the  PL  intensity  decreases  as  the 
temperature  increases.  The  quenching  mechanism  responsible 
for  this  behavior  is  probably  related  to  the  specifics  of  the 
excitation  mechanism  but  it  is  not  yet  understood.  Most  of 
the  knowledge  in  this  area  has  been  obtained  from  lifetime 
experiments  and  from  studies  of  the  temperature  dependence  of 
the  PL  intensity.  Again,  the  system  that  has  been  studied  the 
most  is  InPrYb,  although  some  work  has  been  done  on  GaAsrEr, 
AlGaAs:Er,  and  GaAs:Nd. 

2 . 3 . 6 . 1  Ytterbium 

Lifetime  studies  by  Korber  and  Hangleiter  [1988]  on 
InPrYb  showed  a  single  exponential  decay  with  a  time  constant 
of  12.5  nsec,  independent  of  the  Yb  concentration.  However, 
Klein  [1988]  found  an  initial  non-exponential  component  with 
a  much  shorter  time  constant.  The  time  constant  of  the  long 
decay  found  by  Klein  was  essentially  the  same  as  that  reported 
by  Korber  and  Hangleiter.  In  order  to  explain  the  fast  non¬ 
exponential  component,  Klein  made  use  of  Hemstreet's 
theoretical  results  (Hemstreet  [1986]),  which  predicts  a 
ground  state  of  Yb  in  InP  consisting  of  a  linear  combination 
of  Yb^"^  and  Yb^"^.  In  Klein's  model,  the  photoneutralization  of 
Yb^"^  produces  an  electron  that  may  be  captured  by  an  Yb^'*’  ion 
in  the  excited  state,  thus  interrupting  the  intra-4f  emission. 
Since  not  all  the  Yb^"^  ions  are  affected  in  this  way,  this 
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would  result  in  a  non-exponential  decay.  A  similar  model  was 
proposed  by  Korber  and  Hangleiter  to  explain  the  temperature 
quenching  of  the  Yb  emissions. 

Takahei  et  al.  [1989]  presented  two  objections  to  Klein's 
model.  First,  photoexcited  carriers  should  recombine  or  relax 
to  trap  related  states  on  the  order  of  namoseconds,  while  the 
non-exponential  component  observed  in  some  InP:Yb  samples  was 
of  the  order  of  nsec.  Second,  EPR  experiments  (Lambert  et  al. 
[1988])  showed  that  the  Yb^'*’  state  is  not  in  the  InP  bandgap. 
The  initial  non-exponential  fast  decay  was  explained  by 
Takahei  et  al.  [1989]  and  by  Tagushi  et  al.  [1991]  as  follows. 
After  excitation  of  the  4f  shell  by  electron-hole 

recombination  at  the  Yb  electron  trap,  the  trap  with  excited 
4 f -shell  becomes  empty.  Such  traps  may  capture  electrons  from 
distant  shallow  donors.  These  electrons  can  be  excited  into 
the  conduction  band  by  an  energy  transfer  from  the  excited  4f- 
shell.  This  process  would  be  efficient  only  when  the 
concentration  of  shallow  donors  (No)  is  greater  than  the 
concentration  of  Yb  traps  (Nx) .  This  model  was  also  used  by 
Tagushi  et  al.  [1991]  to  explain  the  temperature  dependence  of 
the  PL  intensity  from  the  samples  with  Np  >  N^. 

However,  the  model  discussed  above  cannot  explain  the  decay 
of  Yb*''’  emissions  from  p-type  InPiYb.  According  to  the  above 
model,  the  decay  of  Yb  for  the  p-type  samples  should  be  the 
same  as  for  the  n-type  samples  with  «  N^.  Also,  the  decay 
for  the  p-type  samples  should  be  purely  exponential,  because 
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quenching  by  donors  will  be  very  inefficient.  However, 
Takahei  et  al.  [1989]  found  for  the  p-type  samples,  a  slightly 
non-exponential  decay  with  a  time  constant  of  17.4  nsec.  In 
Takahei 's  excitation  model,  this  can  be  explained  by  the 
presence  of  two  different  excitation  mechanisms  for  the  p-type 
samples.  As  discussed  in  the  previous  section,  for  the  p-type 
samples,  electrons  at  the  Yb  trap  can  recombine  with  either 
holes  in  the  valence  band  or  holes  captured  at  the  acceptor 
levels.  The  former  process  is  much  faster  than  the  latter. 
The  presence  of  a  fast  excitation  process  with  a  slow 
excitation  process  deforms  the  exponential  decay,  and  thus 
results  in  larger  apparent  decay  times.  Incidentally,  this 
will  also  explain  the  initial  rise  in  the  decay  curve  of  the 
Yb  electroluminescence  observed  by  Kasatkin  and  Savel'ev 
[1985].  The  sample  used  by  Kasatkin  and  Savel'ev  was  melt 
grown  Yb  doped  InP,  which  is  likely  to  contain  high  impurity 
concentrations.  Takahei 's  model  can  also  explain  the 
dependence  •  of  the  Yb^"''  PL  intensity  on  the  carrier 
concentration  that  was  observed  by  Zakharenkov  et  al.  [1989]. 
As  would  be  expected  from  Takahei 's  model,  the  Yb^'''’  PL 
intensity  initially  increases  with  increasing  free  electron 
concentration  until  it  reaches  a  maximum,  and  then  decreases 
very  quickly  as  the  free  electron  concentration  increases 
further.  Unfortunately,  the  authors  couldn't  determine  the  Yb 
concentration  in  the  samples  studied.  According  to  Takahei 's 
model  the  maximum  intensity  should  occur  when  the  electron 
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concentration  is  approximately  the  same  as  the  Yb 
concentration. 

As  mentioned  above,  Tagushi  et  al.  [1991]  used  Takahei's 
model  to  explain  the  temperature  dependence  of  the  PL 
intensity.  These  authors  found  two  different  processes 
involved  in  the  temperature  quenching  of  Yb^"^.  Below  70  K, 
the  PL  Intensity  of  the  samples  with  Nq  >  decreases  as  the 
temperature  increases.  This  was  explained  by  the  capture  of 
electrons  from  the  shallow  donors  by  Yb  traps  with  excited  4f- 
shells,  and  subsequent  transfer  of  energy  from  the  4f  shell  to 
these  electrons,  exciting  the  electrons  into  the  conduction 
band  and  quenching  the  4f  emissions.  On  the  other  hand,  the 
samples  with  Nu  <  Nx  showed  constant  intensity  as  the 
temperature  was  raised,  to  approximately  50  K.  After  50  K, 
the  intensity  of  the  Yb  emissions  from  these  samples  showed  a 
slight  increase.  This  was  correlated  with  an  increase  in  the 
free  carrier  concentration  above  50  K.  Tagushi  et  al. 
attributed  this  phenomenon  to  the  capture  of  electrons  from 
shallow  donors  by  Yb  traps  with  the  4f-  shell  in  the  ground 
state.  Successive  capture  of  holes  by  these  traps  would 
result  in  the  increase  in  the  number  of  excited  Yb  4 f -shells. 
Above  70  K,  the  PL  intensity  of  all  the  samples  decreased  with 
increasing  temperature,  independent  of  the  carrier 
concentration,  while  the  intensity  of  the  near  edge  emissions 
increased.  Tagushi  et  al.  [1991]  believe  this  is  due  to  an 
energy  backtransfer  from  the  4 f -she 11  to  the  host. 
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other  researchers  have  also  found  two  different  processes 
involved  in  the  temperature  quenching  of  Yb^"^.  Klein  [1988] 


fitted  the  PL  intensity  to  an  expression  of  the  form 


- -E 

1  +Aiexp(-j^)  +J^exp(-j^) 

with  E,  =  115  meV,  Ej  =  10.8  meV,  Ai  =  4.7  x  lO’’,  and  Aj  =  3.2. 
Similar  results  were  obtained  by  Stapor  et  al.  [1989],  Thonke 
et  al.  [1990],  and  L'homer  et  al.  [1991].  The  magnitude  of 
Aj,  when  compared  to  A,,  indicates  the  process  with  activation 
energy  Ej  is  vei^y  inefficient  in  quenching  the  Yb*"^  emissions. 
The  nature  of  that  process  is  not  known.  The  activation 

i 

I 

energy  E^  has  been  related  to  the  excitation  mechanism.  The 

j 

same  activation  energy  has  been  found  from  the  temperature 
dependence  of  the  lifetime  (Stapor  et  al.  [1989]  and  Thonke  et 

al.  [1990]).  I  The  value  of  E,  fits  neatly  in  Lambert's 

! 

excitation  model  (Lambert  et  al.  [1991]).  Indeed,  in 

i 

i 

Lambert's  model ^  E,  corresponds  to  the  dissociation  energy  of 

[ 

the  Yb  bound  exciton,  i.e., 


”  ^binding  ^ezap' 

Where  Ebj^j^  is  the  binding  energy  of  the  exciton  (90  meV  as 
determined  by  Lambert  et  al.  [1990]),  and  E^^  is  the  energy  of 
the  Yb  trap  (35  meV) .  However,  Agushi  et  al.  [1991]  estimated 
an  activation  energy  of  150  meV  for  the  temperature  quenching, 
and  attributed  it  to  an  energy  backtransfer  process  from  the 
4f  shell  to  the  host,  as  discussed  in  the  previous  paragraph. 
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2. 3. 6. 2  Erbiua 

Decay  times  of  from  Er  doped  III-V  semiconductors  have 
been  measured  by  several  researchers.  Not  surprisingly,  the 
decay  time  and  the  temperature  quenching  of  the  Er^*^  emissions 
depend  on  both  the  host  semiconductor  and  the  method  of  doping 
used  as  indicated  by  the  results  obtained  by  Klein  and 
Pomrenke  [1988].  These  differences  are  most  probably  due  to 
the  presence  of  different  Er  related  luminescent  centers,  as 
was  already  mentioned.  Another  example  is  provided  by 
comparing  the  temperature  dependence  of  Er  emissions  from 
MOCVD  and  doped  samples  by  diffusion.  The  energy  and 
linewidth  of  Er  emissions  from  diffusion  doped  samples  are 
independent  o*  sample  temperature  (  Zhao  et  al.  [1988,  1989]), 
whereas  MOCVD  samples  show  a  shift  of  the  emission  wavelength 
of  approximately  1  x  10'*  nm/deg,  and  a  broadening  of  the 
emissions  with  increasing  temperature  (Takahei  et  al.  [1989]) . 
In  addition,  the  temperature  quenching  seems  to  be  correlated 
with  the  bandgap  of  the  host  semiconductor  (Favennec  et  al. 
[1989]).  As  the  bandgap  increases,  the  temperature  quenching 

i  of  the  4f  emissions  is  much  less  effective.  Similar  results 

) 

were  obtained  from  the  study  of  the  Er*^  emissions  from 
In,Ga,.,P  as  a  function  of  x  (Neuhalfen  and  Wessels  (1991b)). 
This  beb'.vior  is  the  opposite  of  that  found  for  InAs,P,.,:Yb 
(Neuhalfen  and  Wessels  [1991]). 
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':ii.  Experiment 


Experimental  techniques  used  in  present  studies  of  ion 
implanted  and  MBE-grown  GaAsrEr  and  AlGaAsiEr  involved 
photoluminescence  (PL) ,  selective  excitation  photoluminescence 
(SEL) ,  and  lifetime  measurements.  For  our  purposes,  the  term 
PL  will  be  used  to  denote  the  observation  of  the  emission 
spectrum  upon  laser  excitation,  while  SEL  experiments  involve 
scanning  the  excitation  energy  while  monitoring  a  particular 
emission.  Specifics  of  each  experiment  will  be  given  in  the 
respective  section  in  this  chapter.  Our  optical  observations 
were  correlated  with  electrical  measurements  (Hall 
measurements  and  deep  level  transient  spectroscopy  (DLTS) ) 
done  by  David  Elsaesser  as  part  of  his  dissertation  research. 
In  addition,  Er  incorporation  was  monitored  for  a  limited 
number  of  samples  by  secondary  ion  mass  spectroscopy  (SIMS) 
and  Rutherford  backscattering  (RBS) .  This  chapter  will 
present  a  description  of  the  experimental  setup  and  of  samples 
studied.  A  brief  description  of  the  substrates  used  for  Er 
ion  implantation  will  be  presented  in  section  3.5  and 
information  on  particular  MBE  samples  studied  will  be  given  in 
chapter  4. 

Figure  4  illustrates  the  major  components  of  the 
experimental  setup  that  was  used  to  do  PL  and  SEL.  Several 
configurations  are  possible.  For  PL  experiments,  the  argon 
ion  laser  was  used  as  the  excitation  source.  The  path  of  the 
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Figure  4  Experimental  set-up  used  for  ‘photo¬ 
luminescence  and  selective  excitation  luminescence 
experiments 


beam  is  indicated  by  the  dashed  line.  A  periscope,  pi,  was 
used  to  bring  the  beam  to  the  appropriate  height.  After  pi, 
a  narrow  band  filter  at  488  nm  was  used  to  eliminate  unwanted 
plasma  lines.  A  chopper,  cl,  provided  the  reference  signal 
for  the  lock-in  amplifier.  After  being  chopped,  the  beam  was 
deflected  by  mirror  Ml  to  the  sample  chamber.  The  excitation 
beam  power  was  measured  after  Ml,  just  before  the  sample 
chamber.  This  will  take  into  account  all  the  losses  after 
passing  each  optical  component,  except  for  transmission  losses 
at  the  sample  chamber's  quartz  windows.  For  SEL  experiments 
and  for  below-bandgap  laser  excitation,  a  Ti-sapphire  laser 
pumped  by  the  argon  ion  laser  was  used  as  the  excitation 
source.  The  path  of  the  excitation  beam,  when  using  the  Ti- 
sapphire  laser,  is  illustrated  by  the  solid  line  in  figure  4. 
The  chopper,  C2,  located  in  front  of  the  Ti-sapphire  laser 
provided  the  reference  signal  for  the  lock-in  amplifier. 
After  being  chopped,  the  beam  was  deflected  to  mirror  M2  by 
the  use  of  a  periscope  (P2) ,  which  directed  the  beam  to  the 
sample  chamber.  The  excitation  power  was  measured  after  M2 
before  each  experiment.  Two  lenses,  ^1  and  L2,  were  used  to 
collect  the  luminescence  beam  into  the 'spectrometer .  Further 
details  about  each  specific  experiment  iwi 11  be  given  in  later 
sections. 


3.1  Photoluminescence 

As  mentioned,  a  filtered  argon  ion  laser  was  used  as  the 
excitation  source.  This  laser  has  a  beam  diameter  (at  the 
1/e^  point)  of  1.25  mm  and  divergence  of  0.69  mrad.  The 
excitation  power  varied  for  each  particular  experiment.  For 
most  experiments,  it  was  between  10  and  100  mW,  which 
translates  into  an  irradiance  value  ranging  from  .81  to 

8.1  W/cm*.  These  calculations  do  not  take  into  account 
approximately  10  %  losses  after  passing  through  the  quartz 
windows  of  the  sample  chamber. 

A  Janis  Research  model  lODT  Super  Varitemp  cryostat  was 
used  as  the  sample  chamber.  This  dewar  has  a  liquid  nitrogen 
reservoir  which  surrounds  an  inner  liquid  helium  reservoir. 
Liquid  helium  flowed  into  the  sample  chamber  via  a  capillary 
tube,  while  the  sample  chamber  was  pumped  with  a  mechanical 
pump.  This  arrangement  allowed  control  of  the  sample 
temperature  from  2  to  300  K.  Prior  to  cooling  it  down,  the 
dewar  was  evacuated  using  an  Alcatel  turbomolecular  pump.  The 
sample  was  mounted  on  a  copper  sample  holder  with  the  use  of 
standard  rubber  cement.  Since  the  cryostat  works  on  the 
principle  of  cooling  by  flowing  helium  vapor,  the  quality  of 
thermal  conductivity  between  the  sample  and  the  sample  holder 
was  not  critical.  The  sample  holder  was  attached  to  a  copper 
cylinder  in  which  the  temperature  sensor  and  heating  cable 
were  located.  A  second  temperature  sensor  was  located  in  the 
vaporizer  assembly.  The  sensors  were  silicon  diodes  from  Lake 
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Shore  Cryogenics,  one  calibrated  and  one  matched.  Temperature 
display  and  control  were  performed  by  a  Lake  Shore  model  805 
temperature  controller.  The  temperature  controller  was  set  so 
that  it  used  the  sensor  in  contact  with  the  sample  holder  as 
the  controlling  sensor. 

The  luminescence  from  the  sample  was  collected  by  two 
lenses,  LI  and  L2  shown  in  figure  4.  A  long  pass  filter  in 
front  of  the  spectrometer's  entrance  slit  was  used  to 
eliminate  second  order  effects  from  the  excitation  beam  and 
from  near  edge  emissions.  A  1.0  fim  filter  was  used  when 
looking  in  the  range  of  1.0  to  1.7  ^m,  while  a  0.78  ^m  filter 
was  used  when  looking  at  signals  balow  1  nm.  The  luminescence 
signal  was  dispersed  with  a  Spex  3/4-m  Czerny-Turner 
spectrometer  using  a  1.25  nm  blazed  grating.  Slitwidths  were 
varied  for  each  sample,  mainly  due  to  the  weak  nature  of  the 
Er  emissions  from  most  of  the  samples  investigated.  For 
maximum  throughput,  it  is  recommended  to  use  an  exit  slit 
width  at  least  twice  as  wide  as  the  entrance  slit.  Howaver, 
there  is  a  trade  off  between  resolution  and  throughput. 
Different  slit  widths  were  used  depending  on  whether  maximum 
throughput  was  required  for  observing  a  very  weak  signal,  or 
whether  within  the  limits  of  the  signal's  strength,  the  best 
resolution  possible  was  required. 

A  North  Coast  model  805P  germanium  slow  detector  was  used 
in  all  the  experiments  except  lifetime  measurements.  The 
detector's  signal  was  sent  to  a  Scientech  lock-in  amplifier. 
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The  reference  signal  was  provided  by  chopping  the  excitation 
beam  as  shown  in  figure  4.  There  are  two  main  reasons  for 
chopping  the  excitation  beam  instead  of  the  sample's 
Ituninescence .  First,  this  configuration  was  found  to  give 
stronger  signals,  and  since  most  of  the  Er  emissions  were 
weak,  this  was  an  important  consideration.  Second,  this 
configuration  also  reduced  the  noise  level.  Since  a  small 
vibration  is  introduced  due  to  pumping  of  the  sample  chamber, 
chopping  the  beam  provided  a  more  stable  reference  signal. 
The  output  signal  from  the  lock-in  amplifier  was  rent  to  a  PC 
via  an  A/D  converter  for  storage  and  later  analysis. 

3.2  Selective  Excitation  Luminescence  (SEL) 

As  mentioned,  a  Ti-sapphire  laser  was  used  as  the 
excitation  source  for  SEL  experiments.  The  beam  path  in  SEL 
experiments  was  explained  in  section  3.1.  A  Spectra  Physics 
model  3d00  Ti-sapphire  laser  pumped  by  a  20  watt  argon  ion 
laser  was  used.  This  laser  has  a  linewidth  of  less  than  40 
GHz,  and  a  beam  diameter  of  .95  mm  at  1/e^  points  (at  790  nm) 
with  a  beam  divergence  of  1  mrad.  The  laser  has  a  tunable 
range  from  660  to  1100  nm,  which  requires  the  use  of  four 
different  optics  sets  that  have  tunable  ranges  of  660-750  nm, 
700-850  nm,  850-1000  nm,  and  950  to  1100  nm,  respectively.  A 
birefringent  filter  provided  wavelength  selection.  Very 
precise  positioning  of  the  birefringent  filter  was  obtained 
with  the  use  of  a  Burleigh  inchworm  and  a  Burleigh  6000 
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inchworm  controller.  The  inchworm  could  be  positioned  from  0 
to  21000  urn  in  step  of  .5  Each  time  when  the  Ti-sapphire 
optics  set  was  changed,  a  new  calibration  chart  was  obtained 
to  determine  the  laser  wavelength  at  selected  inchworm 
positions.  Typical  calibration  charts  are  shown  in  figure  5. 
Between  these  selected  inchworm  positions,  a  linear 
interpolation  was  used  to  determine  the  wavelength. 

Selective  excitation  luminescence  experiments  were  done  by 
setting  the  spectrometer  at  the  wavelength  of  the  emission  to 
be  monitored  and  scanning  the  excitation  laser  wavelength.  In 
order  to  do  this,  a  computer  interface  card  (Burleigh  model 
6200)  was  used  to  connect  the  inchworm  controller  to  the  IEEE 
port  of  a  Z-248  computer.  Also,  the  output  from  the  3ock-in 
amplifier  was  sent  to  a  Keithley  238  current  source  measure 
unit  connected  to  the  same  computer.  This  set-up  allowed 
simultaneous  control  of  the  excitation  laser  wavelength  and 
data  taking.  A  computer  program  was  written  in  Quick  Basic 
4.5  that  performed  both  functions:  control  of  the  inchworm 
position  and  data  taking  and  display.  The  program  let  the 
user  select  the  inchworm  travel  distance  and  step  size.  After 
moving  the  inchworm  by  the  step  size  specified  it  read  a 
specified  number  of  data  points  from  the  lock-in  amplifier  and 
averaged  them.  It  continues  to  do  this  until  the  inchworm  has 
moved  the  desired  travel  distance.  The  program  then  creates 
a  file  containing  both  the  inchworm  position  and  the  signal 
intensity.  The  inchworm  position  can  then  be  converted  into 
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the  corresponding  laser  excitation  energy  with  the  use  of  a 
calibration  file,  thus  giving  the  excitation  spectrum  of  the 
monitored  emission  in  the  spectral  range  covered.  As 
mentioned,  the  maximum  step  distance  is  21000  /xm  and  minimum 
step  size  is  .5  /xm,  therefore  the  excitation  energy  will  be 
known  with  very  good  precision.  In  our  case,  most 
measurements  were  done  with  a  step  size  of  either  10  or  20  ura. 


3.3  Lifetime  Measurements 

Figure  6  shows  a  simplified  diagram  of  the  experimental 
set-up  used  for  lifetime  measurements.  Similar  to  the  PL  set¬ 
up,  it  includes  cryogenics,  an  excitation  source  and  detection 
subsystems  consisting  of  the  spectrometer,  detector,  and  data 
acquisition. 

The  cryogenic  subsystem  consisted  of  an  Air  Products  LT-3- 
llOA  Helitran  system  pumped  with  a  fore-pump-backed  and  water- 
cooled  Leybold-Harreus  NT  220  turbo  molecular  pump.  Sample 
temperature  control  was  achieved  using  an  Air  Products  Digital 
Temperature  Indicator/Controller  that  employed  an  iron  doped 
chrome  versus  gold  thermocouple.  The  controller  was 
calibrated  using  liquid  nitrogen  and  freezing  water  as 
reference  points.  The  sample  was  mounted  on  the  cold  finger 
using  crycon  grease.  This  was  done  to  obtain  the  best  thermal 
contact  possible. 

The  excitation  laser  source  was  the  337.1  nm  line  of  a 
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Figure  6  Experimental  set-up  used  for  lifetime 
measurements 


Laser  Photonics  UV-24  pulse  nitrogen  laser.  The  pulse  width 
was  5  to  7  nsec.  The  maximum  repetition  rate  of  the  laser  is 
50  Hz.  As  can  be  seen  from  figure  6,  a  series  of  lenses  and 
other  optical  components  were  used  to  focus  the  beam  onto  the 
sample.  Lens  LI  was  used  to  control  the  spot  size  together 
with  a  second  cylindrical  lens,  L2.  After  the  second  lens, 
the  beam  passes  through  a  UV  narrow  band  pass  filter  to 
eliminate  unwanted  plasma  lines.  A  periscope  is  then  used  to 
bring  the  beam  to  the  appropriate  height,  while  a  third  lens, 
L3,  helps  focus  the  beam  onto  the  sample.  The  luminescence 
was  collected  with  the  help  of  two  lenses  into  the 
spectrometer.  A  long  pass  850  nm  filter  was  used  in  front  of 
the  entrance  slit. 

A  1/2-m  Spex  500  spectrometer  was  used  with  a  1.6  nm  blazed 
grating.  Slitwidths  varied  with  the  particular  sample  under 
study.  Although  high  resolution  was  not  critical  in  this 
experiment,  if  the  signal  was  strong  enough  the  slits  were 
closed  as  much  as  possible  to  be  able  to  distinguish  between 
different  Er^"^  emissions. 

A  North  Coast  model  805L  germanium  fast  detector  was  used. 
The  time  constant  of  this  detector  is  switch  selectable 
between  10  and  100  /xsec.  The  fast  response  setting  was  used 
in  these  investigations.  The  signal  from  the  detector  was 
sent  to  a  LeCroy  9400A  digital  oscilloscope  with  the  trigger 
signal  from  the  oscilloscope  provided  by  the  nitrogen  laser. 
This  oscilloscope  can  average  any  number  of  waveforms  as 
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selected  by  the  user,  up  to  a  maxinun  of  50,000,  a  feature 
which  reduces  the  noise  considerably.  However,  since  a  20  Hz 
repetition  rate  was  used,  such  averaging  could  be  time 
consuming.  In  practice,  the  number  of  decays  averaged 
depended  on  the  signal  strength.  Decays  of  the  stronger  Er 
emissions  were  averaged  100  to  200  times,  while  decays  from 
the  weaker  emissions  were  averaged  up  to  5000  times.  The 
averaged  decay  was  then  sent  to  a  PC  for  storage  and  later 
ar'^lysis. 

The  system  response  time  was  determined  by  measuring  the 
decay  of  one  of  the  laser  plasma  lines.  The  measured  decay  is 
shown  in  figure  7  along  with  the  calculated  fit.  Further 
discussion  on  the  effect  of  the  system  response  on  the 
measured  decays  and  details  on  the  data  analysis  will  be  given 
in  chapter  4. 

3 . 4  Sample  Information 

Most  of  the  samples  studied  were  doped  with  Er  using  ion 
implantation.  Erbium  was  implanted  at  room  temperature  using 
an  implantation  energy  of  1  MeV.  Erbium  doses  of  5  x  lO'S  1 
X  10”,  and  5  x  iC’/cm’  were  used.  The  substrates  included 
undoped  GaAs  and  Al,Ga,,As  (x  =  0.1,  0.2,  0.3,  and  0.4) 
samples,  and  MOCVD-grown  GaAs  and  AlojjGao^As  layers  doped  with 
either  Si  or  Zn.  Table  I  lists  the  various  substrates  used 
for  ion  implantation.  In  addition  to  the  MOCVD-grown  layers, 
some  p-type  substrates  were  prepared  by  implanting  Mg  into  SI- 
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Figure  7  Time  decay  of  a  nitrogen  laser  plasma  line 
illustrating  the  system  response  of  the  experimental 
set-up  used  for  lifetime  measurements 
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Table  I 


Samples  used  for  Er  ion  Implantation 


Sample 

Growth 

Doping 

Method 

Carrier 

Concentration 

(cm*) 

Type 

GslAs 

LEC 

undoped 

SI 

GelAS 

MOCVD 

Zn 

6.8  X  10‘* 

P 

GaAs 

MOCVD 

Si 

4.9  X  10“ 

n 

GaAs 

MOCVD 

Si 

2.8  X  10*’ 

n 

GaAs 

MOCVD 

Si 

1  X  10** 

n 

.'il^  loGag  9oAS 

MOCVD 

undoped 

1.6  X  10“ 

n 

MOCVD 

undoped 

2.9  X  10“ 

n 

A1o.30®®0.7oAS 

MOCVD 

undoped 

7.3  X  10“ 

n 

MOCVD 

undoped 

SI 

A^0.29®®0.7iA® 

MOCVD 

undoped 

SI 

^^0,29^^0.71^® 

MOCVD 

Zn 

P 

^^0.29®  ®0.71 

MOCVD 

Si 

SI 
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GaAs.  An  oxygen  co-doping  study  was  also  made.  Information 
on  the  samples  used  for  this  study  will  be  given  in  section 
4.5.2.  In  addition  to  ion  implanted  samples,  various  MBE- 
grown  GaAs:Er  and  Al,Ga|.^s:Er  layers  were  studied.  The 
information  on  the  MBE  samples  will  be  given  in  section  4.4, 
when  discussing  the  results  obtained  for  each  particular  case. 
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IV.  Results  and  Discussion 

4.1  Photoluminescence  of  Er  Implanted  GaAs  and  Al,6ai.^s 
The  luminesvjence  spectrtun  of  Er  doped  III-V  semiconductors 
is  characterized  by  a  series  of  sharp  peaks  near  1.54  )um. 
These  sharp  emissions  are  due  to  the  intra-4f  transitions 
between  the  crystal  field  split  states  of  ^1,3,2  and  *ltsa  of 
Although  the  crystal  field  splitting  of  these  levels  is 
relatively  small,  the  emission  spectrum  is  very  sensitive  to 
variations  in  the  crystalline  environment.  As  a  result,  Er*"^ 
emissions  originating  from  different  Er  complexes  will  occur 
at  slightly  different  energies.  Also,  the  number  of  emission 
lines  observed  in  the  spectra  will  vary,  depending  on  the 
symmetry  of  the  Er  related  luminescent  center.  The  emission 
spectrum  of  Er  doped  III-V  semiconductors  is  clearly  dependent 
upon  the  doping  method  and  sample  treatment  such  as  annealing. 
This  indicates  a  tendency  of  the  Er  ions  to  form  multiple 
types  of  complexes  in  these  hosts.  Indeed,  we  have  observed 
the  presence  of  multiple  Er  related  luminescent  centers  in 
most  of  our  samples  as  indicated  by  the  sample  dependence  of 
the  PL  emission  spectrum.  That  is,  the  PL  spectrum  shows 
different  emissions  near  1.54  urn,  and  the  relative  intensities 
among  these  emissions  vary  differently,  depending  upon  the 
doping  method  (MBE  vs  ion  implantation) ,  annealing  conditions, 
and  Er  concentration. 
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4.1.1  6aAs:Er 


Conventional  furnace  annealing  (CFA)  of  Er  implanted 
samples  resulted  in  very  weak  emissions  near  1.54  /xm.  The 
strongest  Er^^  emissions  obtained  with  CFA  were  observed  for 
samples  annealed  at  temperatures  between  650  and  700  °C.  The 
low  temperature  PL  spectrum  from  samples  annealed  using  CFA 
showed  different  emissions  around  1.54  urn,  depending  on  the 
annealing  temperature.  Also,  the  relative  intensity  among  the 
sharp  1.54  nm  emissions  varied,  depending  on  sample 
preparation.  This  behavior  is  indicative  of  the  formation  of 
different  Er  complexes.  Emissions  from  different  centers  may 
occur  at  slightly  different  wavelengths,  thus  resulting  in  the 
observed  variations  in  the  PL  spectrum.  These  results  agree 
with  observations  made  by  Klein  et  al  [1991].  These  authors 
observed  the  presence  of  at  least  five  different  luminescence 
centers  in  ion  implanted  GaAs:Er  samples  annealed  using  CFA. 
Unfortunately,  due  to  the  v<=’:?kness  of  these  emissions,  the  PL 
spectra  had  to  be  recorded  using  very  wide  slit  openings  (up 
to  3  mm) ,  thus  resulting  in  low  resolution.  Because  of  this, 
it  was  almost  impossible  to  distinguish  among  specific 
emission  peaks  from  different  centers.  The  weak  emission 
problem  was  partially  resolved  in  this  work  by  using  rapid 
thermal  annealing  (RTA) .  Samples  annealed  using  RTA  showed 
stronger  Er^"^  emissions  than  those  annealed  using  CFA.  Figure 
8  shows  the  low  temperature  PL  spectra  from  n-type  and  SI-GaAS 
samples  implanted  with  an  Er  dose  of  5  x  lO'Vcm^  at  1  MeV.  The 
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SI-  and  one  of  the  n-type  samples  were  annealed  at  750  'C  for 
15  seconds  using  RTA,  and  another  n-type  sample  was  annealed 
at  850  “C  for  15  seconds.  The  horizontal  lines  beneath  the 
two  uppermost  spectra  show  the  zero  level  for  each  respective 
spectrum.  All  three  samples  show  several  sharp  emissions  near 
1.54  pm,  which  are  assigned  to  the  intra-4f  transitions 
between  the  and  ^1,5^  multiplets  of  Er’*.  The  1.54 
emissions  seen  in  this  figure  are  really  composed  of  several 
sharp  peaks,  which  are  not  apparent  due  to  the  low  resolution. 
This  will  oe  evident  when  we  discuss  higher  resolution 
spectra.  In  addition,  at  least  two  broadband  (bb)  emissions 
can  be  distinguished  from  the  figure.  The  spectra  shown  were 
not  corrected  for  the  system  response,  and  thus  this  is 
partially  responsible  for  the  strange  asymmetrical  shape  of 
the  bb  emissions.  The  addition  of  two  or  more  bb  emissions  of 
comparable  intensity  also  contributes  to  the  asymmetrical 
shape  observed.  These  bb  emissions  have  been  observed  in  all 
our  ion  implanted  samples.  The  exact  nature  of  these 
emissions  is  not  completely  known  yet.  One  possible 
explanation  is  that  they  are  due  to  implantation  damage.  This 
is  supported  by  the  decrease  in  PL  intensity  of  these  bb 
emissions  with  increasing  annealing  temperature,  as  seen  from 
the  figure.  The  bb  emission  underlying  the  sharp  1.54  pm 
emissions  is  most  probably  due  to  the  EL2  defect.  The  EL2 
defect  in  GaAs  introduces  a  structureless  bb  centered  around 
0.8  eV  with  a  full  width  at  half  maximum  of  approximately 
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0.3  eV  (Tajima  [1987]),  similar  to  the  bb  emission  observed  in 
our  spectra.  In  fact,  DLTS  studies  have  also  revealed  the 
presence  of  the  EL2  defect  in  our  ion  implanted  samples  (Colon 
et  al  [1991]) . 

Figure  8  also  shows  very  clearly  the  annealing  behavior 
that  is  typical  of  ion  implanted  GaAs:Er  samples.  Note  that 
the  Er^'*'  emissions  from  the  sample  annealed  at  850  "C  are 
weaker  than  those  from  thci  two  other  samples.  This 
observation  is  not  only  true  for  the  n-type  sample  but  it  is 
also  typical  of  results  obtained  for  all  the  samples  studied. 
Although  a  complete  annealing  study  was  not  done,  we  have 
consistently  observed  that  samples  annealed  at  750  ®C  using 
RTA  showed  the  strongest  Er’"^  emissions.  Annealing  at  higher 
temperatures  (or  lower  temperatures)  resulted  in  weaker  Er^"^ 
emissions.  Also,  note  that  the  strongest  emissions  from  the 
samples  annealed  at  750  ®C  are  centered  around  .T  "  /  /urn,  while 
those  from  the  sample  annealed  at  850  ®C  are  shifted  toward 
1.54  nm.  In  addition,  some  of  the  minor  peaks  near  1.54  /xm 
disappeared  at  higher  annealing  temperatures.  Th^  lifting  of 
the  main  peak  from  1.537  to  1.54  ^tm  is  due  to  the  presence  of 
various  sharp  emissions,  some  of  which  are  enhanced  or 
quenched  at  differp*"t  annealing  temperatures.  This  suggests 
the  presence  of  multiple  luminescence  centers  in  our  samples 
due  to  the  formation  of  several  Er  related  complexes. 
Clearly,  these  complexes  are  not  completely  stable  and  can  be 
easily  broken  by  annealing  at  temperatures  of  850  °C  or 


higher.  Annealing  at  further  higher  temperatures  may  result 
in  quenching  of  the  Er^'^  emissions.  These  results  can  be 
correlated  with  Rutherford  backscattering  (RBS)  studies  of  Er 
implanted  into  GaAs  (Kozanecki  et  al  [1992]).  Their  study 
showed  that  at  low  annealing  temperatures,  most  of  the  Er  ions 
occupy  non-substitutional  sites  in  the  GaAs  lattice.  However, 
raising  the  annealing  temperature,  T*,  increases  the 
percentage  of  substitutional  Er  ions,  and  at  T^  >  1000  ®C, 
almost  all  Er  ions  were  on  substitutional  sites,  but  no  Er*"^ 
luminescence  was  observed  at  these  high  annealing 
temperatures.  Thus,  since  substitutional  Er  in  GaAs  seems  to 
be  optically  inactive,  the  intra-4f  luminescence  may  originate 
either  from  Er  at  interstitial  sites  or  Er  complexes  involving 
other  impurities  or  defects. 

The  emission  spectra  of  Er  implanted  GaAs  samples  also 
showed  a  dependence  on  the  Er  dose.  Figure  9  shows  the  low 
temperature  photolumincscence  spectra  from  GaAsiEr  samples 
implanted  at  1  MeV  with  different  Er  doses.  In  all  cases 
shown,  an  undoped  SI-GaAs  substrate  used  for  Er 

implantation.  All  three  spectra  were  recorJ-.^d  under  identical 
experimental  conditions.  The  Er  doses  used  were  5  x  lO'^, 

1  X  lO”,  and  5  x  10‘^/cm^.  The  excitation  source  was  the 
488  nm  line  of  the  Ar  ion  laser.  As  the  figure  shows,  the 
emission  spectra  from  samples  implanted  at  the  two  lowest  Er 
doses  are  essentially  the  same  except  for  the  PL  intensity. 
In  both  cases,  the  strongest  emission  is  centered  around 
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Figure  •  Photcluminescence  of  SI-GaAs:Er  implanted  at  1  MeV 
with  different  doses  and  annealed  at  750  *C  for  15  sec 
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1.537  /im.  Also,  both  show  a  series  of  weaker  peaks  at  the 
same  energy  position.  An  important  observation  is  that  the 
intensity  ot  the  Er^"^  emissions  increased  by  approximately  a 
factor  of  three  when  the  Er  concentration  was  increased 
twofold.  However,  another  fivefold  increase  in  the  Er  dose 
resulted  in  only  a  30%  more  increase  in  the  PL  intensity  of 
these  emissions.  This  suggests  that  a  big  percentage  of  the 
Er  ions  present  in  the  higher  dose  sample  are  optically 
inactive.  The  most  interesting  effect  shown  in  figure  9  is 
the  shifting  of  the  strongest  emission  peak  from  1.537  /urn  for 
the  two  lower  doses  to  1.539  /im  for  the  highest  dose  which 
also  yields  a  broader  linewidth.  All  other  minor  peaks  are 
seen  at  the  same  wavelength  positions.  These  results  may 
indicate  that  at  low  concentrations,  the  Er  ions  will  be 
preferentially  incorporated  into  the  center  responsible  for 
the  emission  near  1.537  ^m.  As  the  Er  concentration 
increases,  this  center  saturates  and  then  much  of  the  Er  will 
be  incorporated  into  other  centers.  Seme  of  these  centers  are 
optically  inactive  and  others  may  have  slightly  different 
emission  wavelengths,  thus  accounting  for  the  broadening  of 
the  signal  and  the  shifting  of  the  peak  position.  Similar  to 
the  center  responsible  for  the  1.537  nn  emission,  the  other 
optically  active  centers,  for  example  the  center  responsible 
for  the  emissions  near  1.58  ^m,  also  saturate  at  somewhat  low 
concentrations.  This  is  suggested  by  the  very  small  increase 
in  the  1.58  nm  peak  intensity  when  the  Er  dose  was  increased 


from  1  X  lO'Vcm’  to  5  x  lO'Vcm’.  These  results  agree  with 
recent  TEM  studies  of  MBE  GaAstEr  (Poole  et  al  [1992]),  which 
shows  a  solubility  limit  of  Er  in  GaAs  of  only  7  x  lO'Vcm’. 
Above  this  concentration  Er  form  microprecipitates,  believed 
to  be  ErAs,  which  are  optically  inactive.  Calculation  of  the 
Er  implantation  profiles  shows  a  peak  concentration  of 
approximately  5  x  10"/cin’  for  a  dose  of  5  x  lO'Vcm*,  i.e., 
well  above  the  solubility  limit.  Therefore,  at  this  high  dose 
we  can  expect  at  least  some  of  the  Er  ions  to  be  incorporated 
as  microprecipitates. 

Some  authors  have  suggested  that  free  carriers  are  needed 
to  excite  the  Er’*  emissions.  In  this  scheme,  the  Er’*  PL 
intensity  will  be  stronger  in  n-type  material  (Pomrenke 
[1989]) .  In  order  to  test  this  hypothesis,  we  studied  the  low 
temperature  PL  as  a  function  of  n-  and  p~type  doping 
concentration.  Erbium  was  implanted  into  various  n-  and  p- 
type  substrates  at  a  dose  of  5  x  10”/cm’  with  an  ion  energy  of 
1  MeV.  The  n-type  substrates  were  Si  doped,  three  micron 
thick,  MOCVD  layers  with  roo"  temperature  carrier 
concentrations  of  4.9  x  10”,  3.3  x  10”,  and  1  x  lO'Vcm’, 
respectively.  Following  Er  implantation,  the  samples  were 
annealed  at  750  "C  for  15  seconds  using  RTA.  Figure  10  shows 
the  low  temperature  PL  from  these  samples.  The  horizontal 
lines  show  the  offset  for  the  top  two  spectra.  The  same 
emissions  are  observed  in  the  three  samples.  Increasing  the 
Si  concentration  from  4.9  x  10”  to  3.3  x  10”/cm’  resulted  in 
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rigur*  10  Photoluininescence  of  GaAs;  (Er+Si)  implanted  with  Er 
at  an  energy  of  1  MeV  with  a  dose  of  5  x  lo‘Vcm^  into  GaAs 
having  various  Si  doping  levels  and  annealed  at  750  *C 
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somewhat  stronger  Er**  emissions.  The  intensity  of  the 
underlying  bb  emission  also  increased.  However,  at  the 
highest  Si  concentration  the  Er*^  PL  intensity  decreased 
considerably,  although  the  bb  incensity  remained  about  the 
same  as  that  of  the  sample  with  a  carrier  concentration  of 
3.3  X  lO'Vcm’.  The  p-type  samples  showed  a  similar  PL  behavior 
as  shown  in  figure  11.  In  this  case,  the  p-type  substrates 
were  prepared  by  Mg  implantation  into  SI  GaAs  wafers.  Three 
different  implantation  energies  of  50,  150,  and  350  keV  with 
respective  doses  of  8.3  x  10'°,  2.1  x  10*',  and  6.25  x  10“/cm^ 
were  used  to  obtain  a  constant  doping  profile  of  lO'^/cm^  in  a 
one  micron  layer,  and  in  order  to  obtain  Mg  concentrations  of 
5  X  10**,  10*’,  and  5  X  10*’/cm^  the  same  ion  energies  were  used 
but  the  Mg  doses  were  Increased  as  needed.  After  Mg 

implantation,  Er  was  implanted  at  a  dose  of  5  x  lO'Vcm*  with 
an  ion  energy  of  1  MeV.  Following  Er  implantation,  the 
samples  were  annealed  at  750®C  for  15  seconds  using  RTA.  Hall 
measurements  and  CV  profiles  on  control  samples,  i.e.  without 
Er,  confirmed  the  Mg  activation.  As  the  Mg  concentration 
increased  from  10'*  to  5  x  10'*/cm*,  the  PL  intensity  of  the  Er** 
emissions  and  the  underlying  bb  emission  showed  a  slight 
increase.  However,  for  [Mg]  «  lO'Vcm*,  the  intensity  of  the 
Er**  emissions  decreased  by  a  small  factor.  For  [Mg] 
10"/cm*,  the  background  intensity  increased  considerably,  while 
the  Er**  emissions  decreased.  This  dependence  on  the  carrier 
concentration  is  closely  related  to  the  4f  excitation 
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mechanism,  and  a  model  of  the  excitation  mechanism  that  can 
explain  this  behavior  will  be  proposed  in  section  4.3.2. 

4.1.2  Al,6a,^s:Er 

As  in  GaAs,  Er  doping  of  AlGaAs  results  in  multiple  sharp 
emissions  near  1.54  uva.  The  relative  intensity  among 
different  peaks  show  the  same  dependence  on  annealing 
conditions  as  on  the  GaAs  case.  However,  it  is  remarkable 
that  the  same  emissions  can  be  seen  independently  of  the 
aluminum  mole  fraction.  This  is  clearly  demonstrated  in 
figure  12.  The  figure  shows  the  low  temperature  PL  from  ion 
implanted  undoped  Al,Ga,.^s:Er  samples  with  x  =  0.1,  0.3,  and 
0.4.  Erbium  was  implanted  at  a  dose  of  5  x  lO’Vc®*  with  an 
ion  energy  of  1  MeV,  and  all  samples  shown  here  were  annealed 
at  850  "C  for  15  seconds  using  RTA.  The  488  nm  line  of  the  Ar 
ion  laser  was  used  as  the  excitation  source,  and  all  spectra 
shown  were  taken  under  identical  experimental  conditions.  The 
resolution  used  was  not  good  enough  to  resolve  the  various 
Er^"^  sharp  emissions.  Therefore,  the  peaks  that  can'  be 
distinguished  from  the  figure  are  actually  composed  of  several 
sharper  emissions  that  have  been  convoluted.  As  in  ion 
implanted  GaAs:Er,  the  x  =  0.3  and  0.4  samples  show  a  bb 
emission  underlying  the  sharp  Er**  emissions,  although  the 
intensity  of  the  underlying  bb  emission  is  very  weak  in  the 
X  -  0.1  case.  In  the  present  case,  it  is  hard  to  notice  the 
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rigur*  12  Photoluininescence  of  uhdoped  Al.Ga,.^s:Er  implanted 
at  1  MeV  with  a  dose  of  5  xlO'Vcm^  and  annealed  at  850  "C  for 
15  sec 


67 


bb  emission  because  of  the  limited  spectral  range  shown  in  the 
figure.  The  local  crystalline  environment  surrounding  the  Er 
ions  can  be  expected  to  vary  with  the  value  of  x.  Also,  the 
emission  spectra  would  normally  be  expected  to  change 
slightly,  because  of  the  difference  in  bandgap.  However,  the 
main  Er^***  emissions,  centered  around  1.540  and  1.549  nm,  are 
seen  in  all  samples  at  the  same  position.  This  is  a  good 
example  of  the  shielding  of  the  4f-shell  from  the  crystal 
field,  and  is  indicative  of  the  atomic-like  character  of  these 
sharp  emissions.  Also,  it  is  clear  from  the  figure  that  the 
strength  of  the  Er^*  emissions  increases  with  aluminum  mole 
fraction.  Two  factors  might  be  contributing  to  this 
phenomenon.  First,  aluminum  might  help  the  incorporation  of 
Er  ions  into  the  lattice  by  forming  Al-Er  complexes  that  are 
optically  active.  A  second  factor  is  relate^'  to  the 
observation  by  Favennec  et  al.  [1989]  who  found  a  correlation 
between  the  bandgap  of  the  semiconducting  host  material  and 
the  temperature  quenching  of  the  Er^"^  emissions.  As  the 
bandgap  of  the  host  increased,  the  effect  of  temperature 
quenching  decr  eased.  In  wide  band  hosts  such  as  ZnS,  the 
strength  of  the  Zr^^  emissions  did  not  change  from  1  to  300  K. 
Such  results  were  recently  verified  in  GaInPAsrEr  (Neuhalfen 
and  Wessels,  1992) .  Therefore,  it  seems  that  in  order  to  have 
strong  Er^"^  emissions,  a  wide  band  semiconducting  host  must  be 
used  even  though  at  present,  this  effect  is  not  well 
understood. 
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The  Er^"^  emissions  from  Alo29Gao7iAs:Er  samples  implanted  with 
a  dose  of  5  x  10‘Vcm^  at  an  energy  of  1  MeV  and  annealed  at  850 
”C  for  15  sec  were  also  studied  as  a  function  of  substrate 
conductivity.  The  low  temperature  PL  spectra  from  SI-,  n-, 
and  p-type  substrates  are  shown  in  figure  13.  Three  micron 
thick  MOCVD  layers  doped  with  Si  or  2n  were  used  as  the  n-  or 
p-type  substrate,  respectively,  for  Er  ion  implantation.  The 
carrier  concentrations  were  3  x  10'*  and  3.1  x  10“/ cm’  for  the 
n-type  and  p-type  substrate,  respectively.  All  spectra  shown 
in  the  figure  were  taken  under  the  same  experimental 
conditions.  Clearly,  the  strongest  emissions  are  observed 
from  the  p-type  sample.  This  enhancement  of  the  Er^''' 
emissions  in  p-type  material  is  observed  not  only  in  AljGa,.^s 
but  also  in  GaAs.  Although,  as  in  the  case  of  GaAs,  the  PL 
intensity  may  depend  on  the  Si  or  Zn  doping  level  in  Al,Ga,.^s, 
the  results  shown  in  figure  13  are  for  both  samples  having 
nearly  the  same  doping  level.  Since  basically  the  same 
emissions  are  observed  in  all  three  samples,  this  effect  is 
not  due  to  the  formation  of  complexes  between  Zn  and  Er  ions. 
Instead,  it  must  be  related  to  the  particulars  of  the  4f-shell 
excitation  mechanism.  This  is  also  supported  by  the  fact  that 
for  the  p-type  samples  the  free  carrier  concentration  did  not 
change  after  Er  implantation  and  subsequent  annealing.  On  the 
other  hand,  for  the  n-type  samples,  the  free  carrier 
concentration  decreased  after  Er  ion  implantation  and 
subsequent  annealing,  and  this  may  be  due  to  the  so  called 
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rlgure  13  Photoluminescence  of  Alo»Gao.7,As :  Er  implanted  at  an 
energy  of  1  MeV  with  a  dose  of  5  x  iC’/cm*  and  annealed  at 
850  ®C  for  15  sec  from  SI-,  n-,  and  p-type  substrates 


donor  getter ing  effect  observed  after  doping  with  RE  elements 
(Masterov  and  Zhakarenkov  [1990]).  This  effect  is  due  to  the 
formation  of  complexes  involving  Si  and  Er  ions.  Since  the 
PL  intensity  of  the  Er^"^  emissions  does  not  increase  in  n-type 
material  compared  with  the  PL  intensity  of  the  SI-Al.Ga,.^s, 
actually  a  small  decrease  is  observed  in  figure  13,  and  no 
other  differences  are  observed  in  the  spectra,  it  seems  that 
these  Er-Si  complexes  are  optically  inactive.  This  is  also 
seen  in  our  MBE  samples,  and  it  will  be  discussed  in  section 
4.4.2. 

As  in  the  case  of  GaAs,  the  strongest  Er^"^  emissions  were 
observed  after  annealing  at  750  ®C  for  15  sec  using  RTA. 
Also,  the  relative  intensity  among  different  emission  peaks 
changed  as  the  annealing  conditions  and  substrate  conductivity 
changed.  This  is  illustrated  by  figure  14,  which  shows  the 
low  temperature  PL  from  A1  jsGaojiAs ;  Er  implanted  at  1  MeV  with 
a  dose  of  5  x  lO'Vcm’  and  annealed  at  750  ®C  for  15  seconds. 
The  three  spectra  shown  were  taken  under  the  same  experimental 
conditions.  Because  these  emissions  were  somewhat  stronger, 
the  spectra  shown  in  this  figure  were  taken  using  smaller  slit 
openings.  Therefore,  these  spectra  have  much  higher 
resolution  than  the  spectra  shown  on  figures  15  and  16.  At 
least  11  sharp  emission  peaks  can  be  distinguished  from  the 
figure.  Besides  the  difference  in  resolution,  essentially  the 
same  emissions  are  seen  as  in  figure  13,  but  the  relative 
intensities  among  these  peaks  have  changed.  In  particular, 
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the  peak  at  1.537  nm  is  obviously  much  stronger  in  the  present 
case,  and  it  is  the  dominant  feature  in  the  SI-Alo.j,Gao,7,As 
sample.  Changes  in  the  relative  intensities  among  the  various 
Er’*  emissions  can  be  realized  by  noting  that  the  strongest 
emission  shown  in  figure  13  is  centered  around  1.54  /im.  If 
the  same  low  resolution  had  been  used  in  the  present  case  the 
PL  peak  would  be  shifted  to  somewhere  between  1.54  and 
1.537  nm,  because  both  emissions  have  comparable  strength. 
Also,  changes  in  relative  intensities  among  different  peaks 
can  be  appreciated  by  comparing  the  three  spectra  shown  in 
figure  14.  For  example,  the  1.540  /u®  peak  is  the  strongest 
emission  from  p-type  Alo,j,Gao.7|As ,  while  the  1.537  ixm  peak  is  the 
strongest  emission  from  n-type  Alo.2»Gao7,As.  Clearly,  these 
emissions  originate  from  at  least  two  different  luminescent 
centers . 


4.1.3  Separation  of  Ltminescent  Centers  by  Below-bandgap 
Laser  Excitation 

In  order  to  understand  the  physical  processes  im'^olved  in 
the  excitation  mechanism  of  the  4f-shell,  it  was  necessary  to 
separate  emissions  originating  from  different  luminescent 
centers.  Figure  15  shows  the  low  temperature  PL  spectra  from 
GaAsrEr  implanted  at  1  MeV  with  a  dose  of  5  x  lO'Vcm^  as  a 
function  of  substrate  conductivity.  The  488  nm  line  of  the 
argon  ion  laser  was  used  as  the  excitation  source.  All 
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Figure  15  High  resolution  PL  of  GaAs:Er  implanted  at  an 
energy  of  1  MeV  with  a  dose  of  5  x  lO'Vcm*  and  annealed  at 
750  ‘C  as  a  function  of  substrate  conductivity 


Table  H 


Er’*  Emissions  from  GaAsrEr 


Peak 

Wavelength 

Energy 

(Angstroms) 

(eV) 

A 

15323 

0.8092 

B 

15354 

0.8076 

C 

15374 

0.8065 

D 

15389 

0.8055 

E 

15403 

0.8051 

F 

15438 

0.8031 

G 

15494 

0.8003 

H 

15535 

0.7982 

I 

15578 

0.7960 

J 

15721 

0.7887 

K 

15760 

0.7867 

L 

15856 

0.7819 

M 

15883 

0.7807 

N 

15939 

0.7779 

ml 

(in 

Fig. 

16) 

15403 

0.8050 

m2 

(in 

Fig. 

16) 

15419 

0.8042 

samples  shown  were  annealed  at  750  ®C  for  15  sec  using  the  RTA 
technique.  Table  II  lists  the  wavelengths  of  all  the  emission 
peaks  that  are  observed  in  the  high  resolution  PL  spectra 
shown.  At  least  12  different  emissions  can  be  clearly 
distinguished,  all  due  to  the  intra-4f  transitions  ^1,3/2  -►  ^1,5/2 
of  Er^"^.  However,  the  multiplicity  of  lines  and  the  fact  that 
the  relative  intensity  among  different  peaks  changes  as  the 
annealing  conditions,  erbium  dose,  and  substrate  conductivity 
change  suggest  that  these  emissions  originate  from  several 
different  luminescent  centers.  Peaks  A,  B,  and  C  seem  to 
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originate  from  the  same  luminescent  center,  because  the 
relative  intensities  among  these  three  peaks  remained  the  same 
for  all  three  samples.  This  center  will  be  called  Cl,  and  it 
is  the  dominant  feature  in  all  the  samples  shown  in  figure  15. 
Changes  in  the  relative  intensity  between  emissions  from  the 
Cl  center  and  other  emission  peaks  can  be  seen  from  the 
figure.  For  example,  in  SI-GaAs  peak  E  is  almost  as  strong  as 
peak  C,  but  in  p-type  GaAs  it's  intensity  is  only  half  that  of 
peak  C.  However,  the  other  emissions  cannot  be  classified 
based  on  the  spectra  shown  on  figure  15  alone.  A  useful 
technique  to  separate  different  centers  is  to  do  annealing 
studies.  However,  annealing  at  temperatures  other  than  750  °C 
resulted  in  weaker  emissions,  thus  making  it  impossible  to 
observe  these  emissions  with  the  necessary  resolution. 
Another  possible  technique  is  to  selectively  excite  one 
luminescent  center  using  below-bandgap  excitation.  The  idea 
is  that  the  excitation  mechanism  of  some  centers  might  be  more 
efficient  at  a  particular  excitation  energy.  The  excitation 
spectra  of  these  samples  will  be  discussed  later. 

Figures  16  and  17  show  the  luminescence  spectra  of  the  same 
samples,  as  in  figure  15,  upon  below-bandgap  laser  excitation 
at  1.4377  and  1.3399  eV,  respectively.  The  spectra  in  both 
figures  were  recorded  at  10  K  using  a  Ti-sapphire  laser  as  the 
excitation  source.  All  other  experimental  conditions  were  the 
same  as  in  figure  15.  The  most  striking  difference  is  that  in 
figures  16  and  17  the  emission  spectra  are  dominated  by  peaks 
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D,  F,  and  G,  while  in  figure  15,  peak  D  is  apparent  only  in 
the  n-type  sample,  and  it  cannot  be  easily  distinguishable  in 
the  spectra  of  the  SI  and  p-type  samples.  Figures  16  and  17 
show  that  the  relative  intensity  among  these  peaks  is 
basically  the  same,  independent  of  the  excitation  energy  and 
substrate  conductivity.  Therefore,  these  emissions  most 
probably  originate  from  the  same  luminescent  center,  which 
will  be  called  C2  in  later  discussions.  We  will  see  that  this 
center  plays  a  very  important  role  in  the  interpretation  of 
the  excitation  spectra  of  these  samples.  It  is  very  difficult 
to  group  the  other  emissions  observed  since  they  are  too  weak. 
Because  of  the  differences  in  relative  intensities  among  them, 
which  can  be  realized  by  comparing  the  spectra  shown  in 
figures  15-17,  it  seems  that  these  peaks  originate  from  at 
least  two  different  luminescent  centers.  Among  the  weak 
emissions,  peak  E  is  of  interest  because  it  is  the  dominant 
emission  from  our  MBE  grown  GaAsiEr  samples.  As  shown  -in  the 
figure,  this  emission  can  also  be  seen  in  all  ion  implanted 
samples.  Therefore,  it  is  reasonable  to  assume  that  the  peak 
E  in  the  MBE  samples  originates  from  the  same  type  of  Er 
complex  as  in  the  ion  implanted  samples.  However,  there  seem 
to  be  two  different  luminescent  centers  present  in  our  MBE 
GaAs:Er  samples,  because  the  emission  m2  (see  figure  16)  would 
originate  from  a  different  center.  It  is  also  possible  that 
both  emissions  originate  from  the  same  luminescent  complex, 
and  it  just  happens  that  ml  is  at  the  same  energy  position  as 


79 


peak  E.  This  point  of  view  is  implied  by  lifetime 
measurements,  which  showed  the  same  exponential  decay  for  both 
peaks,  ml  and  m2.  This  point  will  be  discussed  later  when 
presenting  the  results  for  MBE  samples.  In  order  to  allow  for 
this  second  possibility,  we  will  refer  to  the  luminescent 
center  giving  rise  to  the  ml  and  in2  emissions  as  Ml. 

In  summary,  Er  in  GaAs  forms  at  least  four  different 
luminescent  centers  which  give  rise  to  the  Er^*^  emissions. 
The  PL  spectrum  of  ion  implanted  samples  annealed  at  750°C  for 
15  seconds  is  dominated  by  emissions  from  the  Cl  center. 
However,  emissions  from  C2  are  the  most  intense  when  using 
below-bandgap  excitation.  This  is  especially  true  for  the  p- 
type  sample,  which  shows  very  strong  C2  emissions  upon 
excitation  with  below-bandgap  laser  energies.  With  above- 
bandgap  laser  excitation,  the  p-type  sample  also  shows  the 
strongest  emissions,  but  the  Cl  emissions  are  dominant,  as 
mentioned. 


4.1.4  Excitation  Power  Dependence 

The  behavior  of  the  Er^"^  emissions  as  a  function  of 
excitation  power  is  strongly  related  to  the  excitation  and  de¬ 
excitation  mechanisms  of  the  4f  shell.  Bantien  et  al.  [1987] 
and  Smith  et  al.  [1987]  reported  that  the  intensity  of  the 
Er*"^  emissions  in  GaAs:Er  increased  linearly  with  increasing 
excitation  power,  and  showed  no  sign  of  saturation.  This 
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behavior  is  similar  to  tlie  near  edge  excitonic  emissions. 
Contrary  to  these  results,  we  have  found  that  the  PL  intensity 
exhibits  a  sublinear  dependence  on  the  excitation  power.  We 
have  observed  this  behavior  in  all  of  our  GaAs:£r  samples. 
This  can  be  deduced  from  figure  18,  which  shows  the  PL  spectra 
at  different  excitation  powers.  The  spectra  shown  are  from  a 
p-type  GaAs  substrate  implanted  at  an  ion  energy  of  1  MeV  with 
a  dose  of  5  x  lO'Vcm*  and  annealed  at  750°C/15  sec  using  RTA. 
All  spectra  in  the  figure  were  obtained  using  the  Ti-sapphire 
laser  set  at  a  photon  energy  of  1.5418  eV.  The  power 
densities  used  were  0.3527,  1.7635  and  3.527  W/cm^.  In  the 
figure,  each  spectrum  is  identified  with  the  respective  laser 
output  power.  Note  that  when  increasing  the  power  density  by 
a  factor  of  five,  from  0.3527  to  1.7635  W/cm*,  the  intensity 
of  the  1.54  urn  emissions  increased  only  by  a  factor  of  two. 
A  further  increase  in  excitation  power  from  50  to  100  mW 
resulted  in  only  a  slight  increase  in  the  PL  intensity  of 
these  emissions.  The  bb  emission  underlying  the  Er^"^ 
emissions  also  showed  a  sublinear  dependence  on  the  excitation 
power . 

When  using  below-bandgap  excitation  a  sublinear  dependence 
on  the  excitation  power  is  also  observed,  as  shown  in  figure 
19.  The  figure  shows  the  PL  spectra  of  the  same  sample 
excited  at  the  same  power  densities  as  in  figure  18  but  with 
a  photon  energy  of  1.4642  eV.  In  the  present  case,  an 
increase  in  the  power  density  by  a  factor  of  five  from  0.3527 
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Figure  18  Photoluminescence  of  p-type  GaAs:Er  implanted  at  an 
energy  of  1  MeV  with  a  dose  of  5  x  10'*/cm*  and  annealed  at 
750  "C  upon  above-bandgap  laser  excitation  at  1.6418  eV  with 
different  laser  excitation  powers  . 
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Intensity  (arb.  units) 


to  1.7635  W/cm^  results  in  an  increase  in  the  Er^"^  PL  intensity 
approximately  by  a  factor  of  v'5.  The  Er*"^  PL  intensity 
increased  by  a  factor  of  slightly  less  than  ^2  when  doubling 
the  power  density  from  1.7635  to  3.527  W/cm^  if  the  background 
signal  is  subtracted.  However,  if  the  peak  intensity  is 
measured  from  the  zero  level,  the  PL  intensity  at  1.54  nm 
increased  by  a  factor  of  V2. 

In  summary,  when  using  above  bandgap  excitation,  the  PL 
intensity  of  the  Er’"^  emissions  varies  sublinearly  as  a 
function  of  excitation  laser  power.  As  the  power  is 
increased,  more  of  the  excitation  power  goes  into  exciting  the 
underlying  bb  emission  and  the  Er’*  emissions  saturate,  but  at 
a  lower  excitation  power  than  when  using  below  bandgap 
excitation.  The  peak  intensity  of  the  Er^^  emissions  seems  to 
follow  a  square  root  dependence  or  the  excitation  power,  until 
saturation  sets  in.  Also,  the  underlying  bb  emission  seems  to 
follow  the  same  behavior.  This  behavior  is  observed  in  all  of 
the  ion  implanted  samples  independently  of  substrate 
conductivity. 

When  using  below-bandgap  laser  excitation,  the  PL  intensity 
of  the  Er^^  emissions  also  seems  to  follow  a  square  root 
dependence  on  the  laser  excitation  power  as  shown  in  figure 
20.  However,  at  these  excitation  energies,  the  underlying  bb 
emission  is  not  excited  very  efficiently.  In  this  case,  the 
Ti-sapphire  was  set  at  1.4399  eV,  and  the  same  power  densities 
were  used  as  in  figures  18  and  19.  The  spectra  shown  in  this 
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Figure  20  Emission  spectra  of  SI-GaAs:Er  implanted  at  an 
energy  of  1  MeV  with  a  dose  of  5  x  and  annealed  at 
750  ®C  upon  laser  excitation  at  1.4399  eV  with  different  laser 
excitation  powers 


figure  correspond  to  a  SI-GaAs  substrate  implanted  with  Er  at 
a  dose  of  5  x  lO'^/cm^  with  an  energy  of  1  MeV  and  annealed  at 
750  "C/IS  sec.  Again,  a  sublinear  dependence  on  the 
excitation  power  can  be  observed,  but  the  intensity  of  the 
underlying  bb  emission  is  very  weak.  In  section  4.2.4,  a 
model  of  the  excitation  mechanism  that  can  explain  this 
behavior  will  be  proposed. 


4.2  Selective  Excitation  Luminescence  Study 

4.2.1  Selective  Excitation  Luminescence  of  6aAs:Er 

The  excitation  spectra  of  the  emissions  from  GaAsrEr 

implanted  at  an  energy  of  1  MeV  with  a  dose  of  5  x  lO'Vcm*  show 
very  efficient  below-bandgap  excitation.  Of  particular 
interest  is  the  excitation  spectrum  of  the  1.538  /xm  emission 
from  p-type  GaAs:Er  that  is  shown  in  figure  21.  The  figure 
shows  three  curves  as  a  function  of  the  laser  excitation 
energy,  and  the  topmost  curve  shows  the  PL  intensity  of  the 
1.538  /xm  emission,  which  was  the  strongest  Er  emission  from 
that  sample.  The  spectrum  was  recorded  at  10  K  by  setting  the 
spectrometer  at  1.538  /urn,  and  scanning  the  wavelength  of  the 
Ti-sapphire  laser.  Slit  widths  of  800  /xm  were  used  for  both 
the  entrance  and  exit  slits.  With  these  slit  openings,  the 
SEL  spectrum  will  include  contributions  from  other  adjacent 
Er’*  emissions.  The  bottom  curve  corresponds  to  the  excitation 
spectrum  of  the  underlying  background  signal.  This  excitation 
spectrum  was  taken  by  setting  the  spectrometer  at  1.530  fim 
where  there  is  no  Er  emission,  and  under  the  same  conditions 
as  the  1.538  /xm  excitation  spectrum.  The  middle  curve  shown 
in  the  figure  is  the  difference  between  these  two  excitation 
spectra.  Therefore,  it  is  a  measure  of  the  "true"  intensity 
of  the  erbium  emission  since  the  background  has  been 
subtracted  out.  The  spectra  shown  have  not  been  corrected  for 
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Figure  21  Selective  excitation  of  the  1.538  /xn  and  background 
emissions  from  p-type  GaAsrEr  implanted  at  an  energy  of  l  MeV 
with  a  dose  of  5  x  lo'^/cm^  and  annealed  at  750  *C 
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changes  in  the  laser  excitation  power.  Therefore,  we  must 
keep  in  mind  the  intensity  variations  which  depend  on  the 
laser  excitation  power  when  analyzing  the  SEL  spectrum. 
Figure  22  shows  a  plot  of  the  Ti-sapphire  laser  power  as  a 
function  of  emission  energy.  The  figure  shows  that  the  laser 
excitation  power  increased  as  the  laser  was  scanned  from  1.72 
to  approximately  1.59  eV.  However,  in  the  same  excitation 
energy  range  the  increase  in  signal  strength  is  due  mostly  to 
an  increase  in  the  background  intensity.  This  can  be  seen  by 
comparing  the  excitation  spectra  shown  on  figure  21.  Upon 
subtracting  the  background  signal,  the  Er^"^  PL  intensity 
remained  basically  constant  from  1.67  to  1.53  eV,  due  in  part 
to  the  change  in  the  penetration  depth  with  excitation  laser 
energy.  As  the  laser  excitation  energy  is  decreased,  the 
light  penetrates  deeper  into  the  sample,  thus  exciting  other 
deep  centers  not  related  to  Er.  Since  the  Er  implant  layer  is 
very  thin,  the  deeper  the  beam  penetrates  the  smaller  the 
percentage  of  the  total  power  used  to  excite  the  erbium. 
However,  this  is  not  the  only  reason  for  the  Er’*  intensity 

1  remaining  constant  in  the  1.67  to  1.53  eV  region,  while  the 

1 

'|excitation  laser  power  increased  in  the  same  range.  As 
mentioned  in  section  4.1.4,  the  Er^"*  emissions  saturate  at 
^ome  excitation  power.  After  the  saturation  level  is 
achieved,  any  increase  in  the  laser  excitation  power  will 
result  in  an  increase  in  the  background  intensity.  The  origin 
of  the  background  signal  was  discussed  in  section  4.1.1.  As 
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Figur«  22  Ti-sapphire ' s  power  output  as  a  function  of  laser 
energy 

shown  in  figure  21,  the  Er*'*'  excitation  spectrum  also  shows  a 
small  increase  in  PL  intensity  near  the  bandedge  at  1.519  eV. 
As  the  laser  excitation  energy  decreases  below  the  bandgap, 
the  signal  intensity  shows  a  small  dip  near  1.513  eV.  This  is 
followed  by  a  sharp  excitation  peak  centered  near  1.512  eV. 
Below  1.512  eV,  the  signal  intensity  decreases,  but  it  starts 
to  increase  immediately  below  1.507  eV.  When  the  background 
is  subtracted,  this  effect  is  more  pronounced,  and  it  will 
show  a  more  dramatic  change  if  we  consider  that  the  laser 
excitation  power  actually  decreased  from  1.55  to  1.46  eV  (as 
can  be  seen  from  figure  22) . 
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Figure  23  shows  the  excitation  spectrum  obtained  with  laser 
excitation  energies  from  1.74  eV  to  1.239  eV.  Unfortunately, 
for  the  excitation  energies  smaller  than  1.46  eV,  it  was 
necessary  to  change  the  optics  in  the  Ti-sapphire  laser. 
After  doing  this,  the  laser  tunable  range  was  found  to  be  only 
from  1.438  to  1.239  eV,  and  therefore,  there  is  a  region  in 
the  excitation  spectrum  that  was  not  covered  in  this 
experiment.  This  is  shown  in  the  figure  by  a  discontinuity  of 
line.  The  first  part  of  the  excitation  spectrum  shown  in  the 
figure  is  the  middle  curve  of  figure  21,  i.e.,  the  difference 
between  the  Er  and  background  signals.  Below  1.46  eV,  there 
is  little  or  no  background,-  therefore  it  wasn't  necessary  to 
subtract  it.  This  second  part  of  the  excitation  spectrum  was 
recorded  in  three  different  segments.  Although  efforts  were 
made  to  keep  the  laser  excitation  power  close  to  50  mW  during 
most  of  the  experiment,  the  laser  excitation  power  varied  from 
a  maximum  of  60  raW  to  a  minimum  of  28  mW  near  the  end  of  the 
run.  No  attempt  was  made  to  normalize  the  SEL  spectrum 
because  of  the  saturation  effect  mentioned  above.  Since  the 
maximum  laser  excitation  power  used  in  the  second  part  of- the 
SEL  experiment  was  approximately  half  the  power  used  near  the 
end  of  the  first  part,  i.e.,  near  1.438  eV,  the  intensity  of 
the  second  part  of  the  SEL  spectrum  was  multiplied  by  V2  in 
order  to  correct  for  the  PL  intensity  dependence  on  laser 
power.  The  figure  shows  that  below  1.46  eV,  the  PL  intensity 
increases,  peaking  at  approximately  1.416  eV,  and  then  it 
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Figure  23  Excitation  spectrum  of  the  1.538  jum  emission  from 
p-type  GaAsrEr  implanted  at  1  MeV  with  a  dose  of  5  x  lo'^/cra^ 
and  annealed  at  750  ®C  for  laser  excitation  energies  from  1.23 
to  1.74  eV 
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decreases  very  slowly,  thus  forming  a  broad  excitation  band 
that  extends  past  1.24  eV. 

The  dependence  of  the  Er^‘*‘  emissions  on  excitation  laser 
energy  can  be  observed  from  the  PL  spectra  obtained  from 
different  laser  excitation  energies.  Figure  24  shows  the 
luminescence  spectra  resulting  from  laser  excitation  at 
1.6418,  1.4649,  1.4377,  and  1.3399  eV.  All  spectra  shown  were 
taken  under  the  same  experimental  conditions.  The  laser 
excitation  power  was  100  mW,  and  the  slitwidth  was  800  /xm  for 
both  the  entrance  and  exit  slits.  As  shown  in  the  figure, 
excitation  at  1.6418  eV  results  in  a  broadband  emission 
underlying  the  Er^"^  emissions.  This  broadband  emission  is 
responsible  for  the  background  signal  discussed  earlier.  At 
least  another  broad  emission,  centered  near  1.04  eV,  can  be 
seen  from  the  figure.  The  spectra  shown  were  not  corrected 
for  the  system's  response,  and  this  might  be  responsible  for 
the  strange  shape  of  the  broad  emission  near  1.04  eV.  Below 
bandgap  excitation  at  1.4649  eV  results  in  stronger  Er^"'^ 
emissions  with  a  much  weaker  bb  emission  underlying  the  4f 
emissions.  If  the  background  is  subtracted,  the  main  Er 
emission  for  1.4649  eV  is  approximately  1.5  times  stronger 
than  that  for  1.6418  eV.  This  trend  continues  as  the  laser 
excitation  is  shifted  to  1.4377  eV,  that  is,  the  Er^^ 
emissions  are  twice  as  strong  as  those  observed  with  above- 
bandgap  laser  excitation  of  1.6418  eV,  while  the  broadband 
emissions  are  much  weaker.  As  the  laser  excitation  energy  is 
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decreased  further,  the  Er^^  PL  intensity  starts  to  decrease 
slowly,  ana  the  broadband  emissions  uisappear.  Because  of  the 
low  resolution  used,  it  is  very  difficult  to  see  changes  in 
each  of  the  erbium  emissions  from  figure  24. 

Recall  that  section  4.1.3  discussed  the  high  resolution 
spectra  from  SI,  n-,  and  p-type  GaAsiEr  samples  with  both  the 
above-  and  below-bandgap  excitations.  At  this  point,  it  will 
be  useful  to  compare  the  PL  spectra  from  the  same  sample  taken 
at  different  laser  excitation  energies.  Figure  25  shows  the 
high  resolution  PL  spectra  from  p-type  GaAs:Er  upon  excitation 
at  1.6641,  1.4338,  and  1.3399  eV.  The  spectra  shown  are  from 
the  same  sample  as  that  used  for  the  spectra  of  figures  21, 
23,  and  24.  As  mentioned  previously,  when  using  above-bandgap 
laser  excitation,  the  emission  spectrum  is  dominated  by  the  Cl 
emissions  (peaks  A,  B,  and  C  in  figures  15-17,  and  25). 
However,  when  using  below-bandgap  excitation,  the  emission 
spectrum  shows  much  weaker  Cl  emissions,  but  dramatically 
stronger  C2  emissions  (Peaks  D,  F,  and  G  in  figures  16,  17, 
and  25).  It  is  this  luminescence  center,  i.e.  C2,  which  is 
responsible  for  the  strong  increase  in  signal  intensity 
observed  in  the  excitation  spectrum  below  1.465  eV  as  is 
clearly  demonstrated  in  figure  25.  This  fact  explains  the 
apparent  discrepancies  between  current  results  and  those  of 
Klein  et  al.  [1992].  The  excitation  spectrum  of  ion  implanted 
GaU^srEr  observed  by  Klein  et  al.  showed  a  strong  decreased  in 
the  signal  intensity  for  below-bandgap  excitation,  although  it 
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Figure  25  High  resolution  emission  spectra  of  p-type  GaAsrEr 
implanted  at  1  MeV  with  a  dose  of  5  x  10‘Vcm*  and  annealed  at 
750  *0  with  different  laser  excitation  energies 


did  show  a  broad  excitation  band  similar  to  the  present  case. 
Strong  below-bandgap  excitation  will  be  observed  only  if  the 
Er  complex  responsible  for  the  C2  emissions  is  present  in  that 
particular  sample  studied. 

The  selective  excitation  spectra  of  the  1.538  nm  emission 
for  Er  ion  implanted  SI  or  n-type  GaAs  substrates  are  very 
similar  to  the  p-type  case,  although  for  these  samples  the  PL 
intensity  does  not  increase  as  dramatically  as  in  the  p-type 
case  with  below-bandgap  excitation.  Figures  26  and  27  show 
the  selective  excitation  spectra  of  the  1.538  ixm  emission  for 
the  SI  and  n-type  samples,  respectively.  The  spectra  shown 
here  were  taken  under  the  same  experimental  conditions  as  the 
spectra  on  figure  21.  As  in  figure  21,  figures  26  and  27  show 
the  excitation  spectra  of  the  total  signal  which  includes  the 
background  and  the  Er^"^  emissions,  the  background  signal,  and 
the  difference  between  the  total  and  background  signals.  In 
the  case  of  the  SI  sample,  figure  26,  the  excitation  spectrum 
shows  the  same  sharp  peak  near  1.512  eV  as  in  the  p-type  case. 
Also,  the  peak  at  1.512  eV  is  followed  by  a  broad  excitation 
band  as  the  excitation  energy  decreases,  which  can  be  seen  in 
the  excitation  spectrum  shown  in  figure  28.  As  in  figure  25, 
the  first  part  of  the  excitation  spectrum  shown  in  figure  28 
is  the  difference  between  the  1.538  nm  signal  and  background 
intensity,  and  it  is  not  normalized  for  changes  in  the  laser 
excitation  power.  Because  the  Ti-sapphire  output  power 
decreased  very  rapidly  as  the  lasing  energy  was  decreased,  the 
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Figxire  26  Selective  excitation  of  the  1.538  nm  and  background 
emissions  from  SI-GaAs:Er  implanted  at  1  HeV  with  a  dose  of 
5  X  10“/cm*  and  annealed  at  750  'C  for  15  sec 
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Pi^e  27  Selective  excitation  of  the  1.538  um  and  backarounrt 
enissions  from  n-type  GaAs:Er  implanted  at  1  MeV  with  a  do2 
of  5  X  lO'Vcm’  and  annealed  at  750  *C  for  15  sec 


99 


SEL  spectrum  below  the  1.465  eV  laser  ener^  on  figure  28  was 
recorded  in  two  different  runs.  An  attempt  to  normalize  the 
second  and  third  parts  of  the  excitation  spectrum  resulted  in 
distortion  of  the  spectrum,  most  probably  due  to  the 
saturation  effect,  and  therefore,  it  was  the  un-normalized  SEL 
spectriun  which  is  presented.  At  laser  energies  from  1.43  to 
1.34  eV  the  excitation  power  varied  from  100  to  60  mW,  while 
at  laser  energies  from  1.3^1  to  1.25  eV  the  power  changed  from 
120  to  20  mW.  Figure  28  shows  that  the  strongest  PL  intensity 
is  obtained  near  1.44  eV  excitation.  This  can  also  be 
verified  from  the  PL  emission  spectra  taken  at  different 
excitation  laser  energies,  which  are  shown  in  figure  29.  The 
spectra  show  the  same  broad  band  emission  underlying  the  Er^"^ 
emissions  that  were  seen  in  the  p-type  case.  As  in  the  p-type 
case,  the  intensity  of  the  Er’*  emissions  increases  as  the 
excitation  energy  decreases  from  1.6455  to  1.4675  eV,  but  the 
intensity  of  the  underlying  bb  emission  decreases.  In  this 
case,  the  intensity  of  the  Er’*  emissions  does  not  increase  as 
much  as  in  the  p-type  case.  (Note  that  different  vertical 
scales  were  used  in  figures  24  and  29).  Although  it  is 
difficult  to  observed  from  figure  29,  the  intensity  of  the  C2 
emissions  is  only  increased.  This  is  better  illustrated  by 
the  high  resolution  spectra  shown  in  figure  30. 

The  results  for  the  n-typc  GaAsrEr  sample,  figure  27,  show 
some  differences  from  the  results  of  the  p-type  and  SI-GaAs:Er 
cases.  First,  the  sharp  excitation  peak  near  1.512  eV  is  not 
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Figure  28  Selective  excitation  of  the  1.538  juin  emission  from 
SI-GaAs:Er  implanted  at  1  MeV  with  a  dose  of  5  x  lo'^/cm^  for 
laser  excitation  energies  from  1.24  to  1.74  eV 
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Figue  29  Emission  spectra  obtained  with  different  laser 
excitations  for  SI-GaAs:Er  implanted  at  l  MeV  with  a  dose  of 
5  X  10**/cm*  and  annealed  at  750  *C  for  15  sec 
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seen  in  the  SEL  spectrum  and  a  small  bump  is  observed  at 
1.4912  eV  for  n-type  GaAs:Er.  Second,  below-bandgap 
excitation  did  not  result  in  much  stronger  emissions  although 
it  is  as  efficient  as  above-bandgap  excitation.  Figure  31 
shows  the  SEL  spectrum  of  the  1.538  ^m  emission  for  the  laser 
excitation  from  1.73  to  1.23  eV.  As  with  the  SI  sample,  below 
1.44  eV  the  SEL  spectrum  was  recorded  in  two  different  runs. 
In  the  first  part  the  laser  excitation  power  varied  from  100 
to  60  mW,  while  the  second  part  was  started  with  an  excitation 
power  of  120  mW,  but  it  decreased  to  20  mW  near  the  end  of  the 
experiment.  Note  that  the  intensity  of  the  broad  excitation 
band  decreases  more  rapidly  as  the  excitation  energy  decreases 
than  in  the  two  previous  cases.  Also,  the  SEL  shows  weak  but 
sharp  excitation  peaks  near  1.29  eV  that  were  not  clearly 
observed  in  the  SEL  spectra  of  the  two  other  cases .  Although 
these  peaks  might  be  due  to  direct  excitation  of  the  4f-shell 
from  the  ground  state  to  the  'I,,,,  excited  state,  it  can  not  be 
ruled  out  that  they  might  be  spikes  from  the  Ti-sapphire 
laser.  The  SEL  spectrum  shown  in  figure  31  is  consistent  with 
the  emiskion  spectra  taken  at  various  excitation  energies  that 

i 

are  showiji  in  figure  32.  Since  the  intensity  of  C2  emissions 
with  below-bandgap  laser  excitation  depends  on  the  presence  of 
C2  centers,  the  number  of  C2-type  centers  in  this  sample  is 
probably  smaller  than  that  in  the  p-type  case.  This  is 
consistent  with  the  results  from  high  resolution  emission 
spectra  that  are  shown  in  figure  33. 
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Figure  31  Selective  excitation  of  the  1.538  jum  emission  from 
n-type  GaAs:Er  implanted  at  1  MeV  with  a  dose  of  5  x  10‘^/cm^ 
and  annealed  at  750  "C  for  15  sec  for  laser  excitation 
energies  from  1.24  to  1.74  eV 
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Figure  33  High  resolution  emission  spectra  of  n-type  GaAsrEr 
implanted  at  1  MeV  with  a  dose  of  5  x  lO'Vcm^  and  annealed  at 
750  ‘C  obtained  with  different  laser  excitation  energies 
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4.2.2  Temperature  Dependence  of  the  Excitation  Spectrum 

The  selective  excitation  spectrum  of  the  1.538  /xm  emission 
line  for  p-type  GaAsrEr  was  also  studied  as  a  function  of 
sample  temperature,  and  the  results  for  the  Er  signal 
remaining  after  subtracting  the  background  intensity  was 
recorded  at  7,  50,  and  100  K  as  is  shown  in  figure  34.  As 
discussed  earlier,  the  excitation  spectrum  measured  at  7  K 
shows  a  sharp  excitation  peak  at  1.512  eV.  In  addition, 
there  is  a  small  bump  near  1.498  eV,  i.e.,  approximately 
20  meV  below  the  bandgap.  As  the  temperature  increases  to 
50  K,  the  sharp  excitation  peak  at  1.512  eV  not  only 
disappears,  but  the  PL  intensity  decreases  further  as  the 
laser  excitation  energy  is  scanned  from  the  bandedge  to 
1.5  eV.  However,  below  1.5  eV,  the  intensity  increases 
sharply  as  in  the  T  =  7  K  case,  but  there  is  a  clear  change  in 
the  slope  at  approximately  1.4856  eV,  i.e.,  approximately 
28  meV  below  the  bandedge  [E,(50K)  =  1.5137  eV] .  This  effect 
is  most  probably  due  to  the  same  process  responsible  for  the 
small  bump  at  1.498  eV  observed  at  T  =  7  K.  Also,  as  the 
temperature  increases  to  50  K,  the  total  signal  intensity 
decreases.  However,  the  background  i.'^ensity,  i.e.,  the 
intensity  of  the  bb  emission  underlying  the  Er^"^  emissions 
remained  essentially  the  same.  This  can  be  better  understood 
from  figure  35,  which  shows  the  SEL  spectra  of  the  total 
signal  at  1.54  urn  and  along  with  the  background.  As  the 
temperature  is  increased  to  100  K,  the  PL  intensity  is 
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Figura  35  Selective  excitation  of  the  1.538  and  background 
emissions  from  p-GaAs:£r  implanted  at  l  MeV  with  a  dose  of  5 
X  lo’^/cm^  and  annealed  at  750  ’C  measured  at  50  K 


decreased  almost  by  a  factor  of  two  due  solely  to  the 
quenching  of  the  bb  emission.  As  shown  in  the  figure,  at 
excitation  energies  greater  than  the  bandgap  energy,  the 
intensity  of  the  Er^^  emission  was  basically  the  same  at  iOO 
and  50  K  when  the  background  was  subtracted.  As  the 
excitation  energy  decreases  below  1.5012  eV,  which  is  the  GaAs 
bandgap  at  100  K,  a  small  excitation  peak  centered  around 
1.485  eV,  i.e.  16  meV  below  the  bandgap,  can  be  observed.  We 
should  keep  in  mind  that  the  values  for  small  bumps  obtained 
at  7  and  50  K,  located  at  20  and  28  meV,  respectively,  are 
somewhat  uncertain  due  to  the  influence  of  a  stronger 
excitation  band  immediately  after  this  peak.  Therefore,  it 
can  be  assumed  that  the  same  bump  peaks  are  observed  in  all 
three  spectra.  The  nature  of  this  process  will  be  discussed 
in  our  model  of  the  excitation  mechanism.  In  contrast  to  the 
cases  of  7  and  50  K,  the  intensity  of  the  1.538  fin  emission 
continues  to  decrease  with  the  laser  excitation  below 
1.485  eV. 

4.2.3  Excitation  Power  Dependence  of  the  Selective  Excitation 
Spectrum 

As  discussed  in  section  4.1.4,  the  Er^'*’  emissions  show  a 
sublinear  dependence  on  the  excitation  laser  power  density. 
In  addition,  these  emissions  saturate  at  low  power  densities. 
This  saturation  effect  can  be  observed  from  the  excitation 
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spectra  of  the  p-type  GaAsrEr  sample  obtained  at  a  high 
excitation  power  of  around  375  mW  as  shown  in  figure  36.  The 
figure  shows  the  selective  excitation  spectra  of  the  Er 
1.538  iMm  emission,  the  background  at  1.530  nm,  and  the 
difference  between  them.  The  output  power  of  the  Ti-sapphirc 
for  this  experiment  is  also  plotted  in  figure  37  as  a  function 
of  lasing  energy.  Note  that  the  excitation  power  is 
increasing  for  laser  energies  from  1.74  eV  to  about  1.58  eV. 
Although  there  is  an  increase  in  the  total  signal  strength, 
over  this  energy  range,  this  increase  is  primarily  due  to  an 
increase  in  the  background  intensity.  It  can  be  seen  from  the 
figure  that  if  the  background  is  subtracted,  the  Er^"*" 
intensity  basically  remains  constant.  As  the  excitation  laser 
energy  is  scanned  below  the  GaAs  bandgap,  the  background 
intensity  decreases  very  rapidly.  As  with  lower  excitation 
power  of  around  50  mW,  strong  Er^'*’  emissions  are  observed  with 
the  below-bandgap  excitation.  Because  of  the  saturation  of 
the  Er*"^  emissions  and  the  sublinear  power  dependence,  most  of 
the  excitation  spectra  presented  in  this  work  were  not 
nomalized  for  changes  in  the  power  density.  Instead,  a  plot 
of  the  excitation  power  used  is  presented. 

Another  example  of  this  saturation  effect  is  shown  in 
figure  38  for  the  SI-GaAs:Er  sample.  The  spectra  shown  in 
the  figure  are  the  signal  intensities  at  1.538  jum  obtained 
after  subtracting  the  background  intensity  plotted  as  a 
function  of  different  excitation  power  densities.  In  each 
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Figure  36  Selective  excitation  of  the  1.538  urn  and  background 
emissions  from  p-type  GaAsrEr  implanted  at  1  MeV  with  a  dose 
of  5  X  lO’^/cm^  and  annealed  at  750  "C  measured  at  high  laser 
excitation  power  of  about  375  mW 
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Figiire  37  Ti-sapphire  power  output  as  a  function  of  laser 
energy  at  higher  laser  power  I 


case,  the  peak  excitation  power  is  shown.  Note  that  the  top 

I 

spectriim  have  been  offset  by  an  arbitrary  amount  in  th4  up 
direction,  and  its  zero  luminescence  line  is  indicated  by!  the 
arrow  shown  in  the  figure.  Comparison  of  the  two  topmost 
spectra  shows  that  the  intensity  of  the  Er^*^  emissions 
basically  remained  the  same  upon  increasing  the  excitation 
power  almost  by  a  factor  of  three.  However,  at  low  excitation 
power  the  square  root  dependence  on  the  excitation  power  can 
be  deduced  by  comparing  the  excitation  spectra  corresponding 
to  peak  excitation  powers  of  10  and  60  mW.  In  this  case  the 
Er^"^  intensity  increased  by  a  factor  of  approximately  Ve. 
Another  interesting  observation  is  that  the  excitation  spectra 


Intensity  (arb.  units) 


Wavelength  (angstroms) 

7200  7450  7700  7950  8200  8450 


1.74  1.64  1.54  1.44 

Laser  Excitation  Energy  (eV) 


Figure  38  Selective  excitation  of  the  1.538  ura  and  background 
emissions  from  SI~GaAs:Er  implanted  at  1  MeV  with  a  dose  of 
5  X  10‘^/cm^  and  annealed  at  750  ”C  measured  at  different  laser 
excitation  powers 


recorded  at  excitation  powers  of  10  and  60  nW  show  a  clear 
small  peak  at  the  same  energy  position  at  which  the  kink  was 
observed  in  the  excitation  spectrxim  of  the  p-type  sample  (at 
approximately  20  meV  below  the  bandgap) . 

4.2.4  Excitation  Mechanism  Model 

The  excitation  of  the  4f*-shell  cannot  be  explained  by  a 
resonant  energy  transfer  because  of  the  large  energy  mismatch 
between  the  excitation  laser  energy  and  the  emission  energy. 
As  mentioned  above,  the  selective  excitation  spectrum  of  the 
1.538  /xm  emission  is  characterized  by  the  presence  of  a  broad 
excitation  band  with  the  below-bandgap  laser  excitation. 
These  broad  excitation  bands  are  characteristic  of  processes 
involving  the  excitation  of  impurity  states  outside  the  4f 
shell  as  the  primary  excitation  sources  (see  the  discussion  on 
section  2.3.5).  Among  these  processes,  we  can  discard  the 
possibility  of  the  transfer  of  energy  from  sensitizing 
centers,  because  the  results  obtained  here  seem  to  be 
characteristic  of  a  specific  Er-related  center.  That  is,  this 
broad  selective  excitation  band  is  observed  in  all  samples 
containing  the  luminescent  center  that  has  been  identified  as 
C2  (see  section  4.1.3).  Using  Boyn's  classification  of  the 
rare  earth  excitation  mechanisms,  we  are  left  with  two 
possibilities  for  the  primary  excitation  process: 

1.  Transitions  between  external  states  of  the  RE  centers; 

or 
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2.  Excitation  of  donor-acceptor  pairs  involving  the  Er 

ions  as  either  the  donor  or  the  acceptor. 

The  second  possibility  can  be  discarded  because  electrical 
measurements  have  shown  that  Er  doping  alone  does  not 
introduce  carriers  (Moore  et  al.  [1992]).  Changes  in  carrier 
concentration  have  been  attributed  to  either  accidental 
impurities  or  the  gettering  effect  by  the  RE  elements 
(Raczyhska  et  al.  [1988],  Masterov  and  Zaharenkov  [1990]). 
Therefore,  one  is  left  with  the  first  possibility,  i.e. 
excitation  between  external  states  of  the  RE  centers.  An 
example  of  such  a  process  is  the  formation  of  isoelectronic 
traps  similar  to  the  case  of  Yb  in  InP.  In  fact,  our  results 
can  be  explained  by  assuming  that  Er  introduces  a  trapping 
level  in  the  bandgap  of  GaAs.  This  idea  is  supported  by  the 
results  of  Smith  et  al.  [1988]  who  found  an  Er-related  trap  in 
GaAs.  Unfortunately,  in  that  work,  the  activation  energy  and 
the  character  of  the  trapping  level  were  not  established. 
Recent  results  obtained  from  DLTS  measurements  at  AFIT 
indicate  that  Er  implantation  into  GaAs  introduces  several 
hole  traps  in  the  bandgap  (Colon  et  al.  [1991]).  By  assuming 
that  an  Er-related  hole  trap  is  involved  in  the  4f-shell 
excitation  mechanism,  a  model  of  the  excitation  mechanism  that 
is  consistent  with  present  experimental  results  can  be 
constructed . 

According  to  Robins  and  Dean  [1978],  a  bound  exciton  state 
at  an  isoelectronic  trap  might  be  created  either  by  direct 
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capture  of  a  free  exciton  or  by  sequential  capture  of  free 
carriers.  In  the  first  case,  illumination  of  the  sample  with 
a  laser  energy  greater  than  or  near  E,  results  in  the  creation 
of  free  excitons,  which  can  subsequently  be  trapped  by  the  Er- 
related  hole  trap,  thus  forming  a  bound  exciton.  Subsequent 
recombination  of  the  electron-hole  pair  at  the  trap  results  in 
a  transfer  of  the  recombination  energy  to  the  4f-shell  via  an 
Auger  energy  transfer.  Langer  [1986]  referred  to  this  type  of 
energy  transfer  as  the  impurity  Auger  effect  to  distinguish  it 
from  the  more  common  Auger  processes  involving  free  carriers. 
This  process  can  explain  the  sharp  selective  excitation  peak 
with  a  laser  energy  of  :.512  eV.  Bound  excitons  can  also  be 
formed  by  sequential  trapping  of  free  carriers.  In  this  case, 
laser  illumination  of  the  sample  results  in  the  creation  of 
electron  and  hole  pairs.  Free  holes  are  subsequently  trapped 
at  the  Er-related  hole  trap,  and  after  capturing  a  hole,  the 
trap  will  have  a  slightly  electron  attractive  potential  and 
thus  can  bind  an  electron.  Recombination  of  the  electron-hole 
pair  at  the  Er-related  trap  results  in  the  non-radiative  Auger 
energy  transfer  of  the  recombination  energy  to  the  4f  shell. 

In  this  model,  below-bandgap  laser  excitation  of  the  4f 
shell  can  be  explained  as  follows: 

i.  Upon  illumination,  electrons  at  the  isoelectronic  trap 
can  be  excited  to  the  conduction  band,  leaving  a  hole 
behind; 

ii.  The  bound  hole  subsequently  recombines  with  an 
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electron,  transferring  its  recombination  energy  to  the  4f 

shell. 

In  the  case  of  isoelectronic  impurities,  the  attractive 
potential  is  a  short  range  potential,  and  thus,  the  bound 
particle  is  localized  around  the  impurity,  causing  large 
lattice  distortions  around  the  impurity  ion.  Consequently, 
trapping  of  a  particle  at  this  type  of  center  results  in  large 
lattice  relaxations.  This  is  shown  in  the  configuration 
coordinate  diagram  as  a  horizontal  displacement  of  the 
parabola  representing  the  energy  level.  As  mentioned  in 
section  2.1,  this  type  of  process  gives  rise  to  broad 
excitation  bands  as  observed  in  the  selective  excitation 
spectra  of  current  samples. 

The  excitation  model  is  illustrated  by  the  configuration 
coordinate  diagram  shown  in  figure  39.  The  diagram  shown  is 
only  meant  to  be  a  qualitative  description  of  the  excitation 
process,  since  the  various  necessary  parameters  have  not  all 
been  determined  experimentally  yet.  In  the  figure,  and 
indicate  the  valence  and  conduction  band,  respectively,  while 
Tg,  indicates  the  Er-related  isoelectronic  trap.  As  discussed 
in  section  2.1,  after  trapping  a  carrier  (a  hole  in  this 
case),  the  trap  is  represented  by  a  displaced  parabola,  T'^,, 
which  illustrates  the  lattice  relaxation.  Two  sets  of  arrows 
are  shown  in  the  figure  representing  possible  transitions 
involving  above-  and  below-bandgap  excitations.  Four 
different  steps  in  the  excitation  process  are  illustrated. 


Arrow  1  illustrates  the  excitation  of  an  electron  from  the 
valence  to  the  conduction  band.  In  step  2,  free  holes  are 
trapped,  thus  raising  the  energy  level  to  T'e,.  In  step  3, 
following  electron-hole  recombination,  this  excited  level 
changes  back  to  Tg,,  while  the  recombination  energy  is 
transferred  non-radiatively  to  the  4f-shell.  This  will  leave 
the  4f-shell  in  the  ^I,j„  excited  state.  For  illustration 
purposes,  the  4f  energy  levels  are  arbitrarily  placed  in  the 
diagram,  since  the  positions  of  these  levels  with  respect  to 

the  GaAs  energy  bands  are  not  known.  Step  4  is  the  de- 

I 

excitation  process  of  the  j4f  shell  through  a  radiative 

transition  to  the  ground  state.  Below-bandgap  excitation  is 

I 

illustrated  by  the  arrows  of  primed  numbers.  Several  arrows 
are  shown  to  illustrate  the  possibilities  of  multiple 
transitions  (see  section  2.1),  which  can  result  in  a  broad 

I 

selective  excitation  band.  The  exact  location  of  Te,  is  not 
known,  although  DLTS  experiments  suggest  that  it  might  be 

I 

located  just  above  the  valence  band.  This  is  consistent  with 

i 

current  SEL  results,  which  show  a  maximum  in  the  selective 
excitation  spectrum  with  the  below-bandgap  laser  excitation 
around  60  to  100  meV  less  than  the  bandgap  energy. 

We  have  consistently  observed  stronger  Er^"*^  emissions  from 
p-type  samples  than  from  SI  and  n-type  GaAs  substrates.  Two 
processes  might  contribute  to  this  observed  enhancement  of  the 
4f  emissions  in  p-type  GaAsiEr.  Holes  at  acceptor  levels  can 
be  trapped  by  the  Er-related  isoelectronic  trap.  These  holes 
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can  subsequently  recombine  with  non-equilibrium  free 
electrons,  transferring  the  recombination  energy  to  the  4f- 
shell  by  an  Auger  type  process.  Also,  holes  at  the  acceptor 
levels  can  be  excited  de^p  into  the  valence  band.  This,  in 
turn,  will  mean  that  more  free  holes  are  available  which  can 
now  be  trapped  at  the  Er-related  hole  traps. 

One  problem  that  needs  to  be  addressed  is  the  large  energy 
mismatch  between  the  laser  excitation  energy  and  the  energy  of 
the  excited  state.  In  our  excitation  model,  the  process 
Tg,  -►  T'e,  results  in  large  lattice  relaxations  with  the 
consequent  multiphonon  emissions.  Two  other  schemes  can  be 
proposed  to  account  for  the  large  energy  mismatch,  both  of 
which  can  be  consistent  with  the  current  excitation  model. 
One  possibility  is  that  after  the  non-radiative  enr-i  jy 
transfer,  step  3,  the  4f-shell  is  left  in  the  'I,,/,  excited 
state  with  a  subsequent  decay  to  the  level.  The  fact  that 
the  *I,„j  level  should  be  between  1.3  and  1.24  eV  above  the 
ground  state,  as  opposed  to  approximately  0.8  eV  for  the 
level,  explains  a  large  portion  of  the  energy  mismatch.  One 
problem  with  this  scheme  is  that  it  implies  a  more  efficient 
excitation  of  the  4f-shell  in  a  narrower  gap  material,  because 
the  excitation  would  be  near  resonant.  However,  the  opposite 
has  been  observed,  that  is,  intra-4f-shell  excitation  is  more 
efficient  in  a  wider  bandgap  material  such  as  AlGaAs  and  ZnS. 
For  example,  Er**  emissions  are  much  stronger  in  Al,Ga,.^s:Er 
than  in  GaAs.  Also,  current  SEL  results  show  that  the  1.54  /xm 
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emissions  can  be  excited  with  laser  energies  smaller  than  the 
energy  difference  between  the  *1,,^  and  the  energy  levels. 
Therefore,  it  seems  that  the  non-radiative  energy  transfer 
from  electron-hole  recombination  at  the  Er-related  trap  leaves 
the  4f-shell  in  the  ^1,3,2  state  rather  than  in  the  *1,,^  state. 
Another  possibility  can  be  deduced  from  the  results  of  Klein 
et  al.  [1990,  1991],  which  showed  that  Er  might  be  originally 
in  the  2+  state.  In  this  scheme,  Er  is  initially  in  the  2+ 
state  and  part  of  the  energy  difference  is  used  to  ionize  the 
Er**  ions  to  the  3+  state  and  most  of  the  remaining  energy  is 
used  in  exciting  the  3+  state.  However,  it  is  not  clear 
whether  Klein's  results  will  apply  to  all  GaAs:Er  samples, 
since  Ennen  et  al.  [1987]  were  able  to  excite  the  1.54  nm 
emissions  resonantly.  It  should  be  mentioned  that  Klein's  SEL 
results  differ  from  the  results  for  the  present  ion  implanted 
samples,  and  in  fact  are  similar  to  results  obtained  for  the 
MBE  samples.  Also,  current  results  from  temperature  dependent 
lifetime  measurements  are  different  to  those  of  Klein  et  al., 
which  will  be  discussed  in  section  4.3.  All  these  suggest 
that  different  excitation  mechanisms  may  be  involved. 

Our  excitation  model  can  also  account  for  the  excitation 
power  dependence  of  the  Er’*  emissions.  We  have  consistently 
observed  a  sublinear  power  dependence.  At  low  excitation 
power  the  Er’*  PL  intensity  shows  a  square  root  dependence  on 
the  excitation  power.  Benyattou  et  al.  [1991,  1992]  observed 
a  similar  behavior  in  Al<,jjGao,45As :  Er .  These  authors  argued  that 
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an  exciton  bound  at  the  Er  trap  have  two  different 
recombination  channels:  (i)  energy  transfer  to  the  4f  shell, 
(ii)  energy  transfer  to  free  carriers  by  Auger  recombination. 
The  first  channel  will  result  in  excitation  of  the  4f  shell, 
while  the  second  is  responsible  for  losses  in  the  excitation 
process.  This  model  was  presented  in  section  2.3.6.  It 
predicts  a  square  root  dependence  on  the  excitation  power.  In 
our  samples,  we  also  observed  a  sublinear  power  dependence  for 
the  underlying  bb  emission.  In  addition  there  is  a  saturation 
effect,  which  was  discussed  in  sections  4.1.4  and  4.2.3.  When 
the  excitation  power  exceeds  the  saturation  point  a  greater 
percentage  of  it  goes  into  exciting  the  bb  emission,  thus 
suggesting  that  these  are  competing  processes.  Assuming  a 
model  similar  to  Benyattou's,  the  Er-related  trap  is  very 
efficient  in  trapping  free  carriers.  However,  the  excitation 
efficiency  of  the  4f  shell  is  limited  by  a  competing  Auger 
energy  transfer  to  free  carriers.  These  hot  carriers  are  then 
available  for  recombination  at  other  deep  centers,  such  as  the 
EL2  trap.  At  high  excitation  powers  the  Er  trap  will  be 
almost  completely  populated,  thus  resulting  in  the  observed 
saturation  effect.  At  this  point,  the  excess  photogenerated 
carriers  can  recombine  at  other  trapping  centers.  In  this 
model,  the  rate  equation  can  be  written: 


dn/ 

dt 


Pi 

Pi  +  Bn 
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The  symbols  used  were  explained  in  page  32.  Note  that  the 
number  of  bound  excitons,  N^(t) ,  will  depend  on  the  free 
carrier  concentration  since  at  higher  carrier  concentrations 
the  probability  of  trapping  a  carrier  will  increase.  On  the 
other  hand,  the  probability  of  energy  transfer  from  the  bound 
exciton  to  the  4f  shell  is  given  by  P,/(P,  +  Bn).  This  term 
decreases  with  increasing  carrier  concentration.  Therefore, 
we  should  expect  that  as  the  carrier  concentration  increases 
the  Er^*  PL  intensity  will  increase  until  the  decrease  of  the 
energy  transfer  probability  offsets  the  increase  in  the 
trapping  probability.  Beyond  this  point  the  PL  intensity  will 
decrease.  This  observation  is  consistent  with  the  results 
discussed  in  section  4.1,  on  the  Er’*  PL  study  for  different 
n-  and  p-type  samples. 
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4.3  Lifetime  Measurements  of  4f  Excited  States  of  Ion 
Implanted  GaAs : Er 

4.3.1  Introduction 

Lifetime  measurements  of  excited  states  can  provide 
important  information  concerning  the  de-excitation  and 
excitation  mechanisms.  In  this  work,  the  decay  of  the  Er’* 
emissions  was  studied.  In  particular,  information  was  sought 
on  non-radiative  processes  affecting  these  emissions,  and  on 
the  nature  of  the  observed  temperature  quenching  of  these 

emisskons.  Decay  times  of  the  emissions  near  1.54  nm  have 

I 

been  measured  by  other  researchers  for  Er  doped  GaAs,  inP,  and 

A1.4,Gaj}As.  The  reported  values  range  from  150  /isec  to  1.5  msec 

i 

[Klein  and  Pomrenke,  1989].  The  decay  time  depends  not  only 

on  the  host  material,  but  also  on  the  doping  method  and  sample 

i 

treatment.  In  this  study,  the  decay  time  of  the  main  Er’* 
emission  from  ion  implanted  and  MBE-grown  GaAs:Er  and 
Al,Ga,.jAs : Er  is  reported.  Erbium  was  implanted  with  an  ion 
energy  of  l  MeV  at  a  dose  of  5  x  10'’/cm*.  For  ion  implanted 
samples,  the  decay  rates  of  the  Er’*  emissions  were  studied  as 
a  function  of  substrate  conductivity  type  and  for  n-type 
samples  as  a  function  of  carrier  concentration.  In  addition, 
for  the  1.54  nm  emissions,  the  decay  time  was  also  studied  as 
a  function  of  temperature.  The  MBE-grown  Al.Ga,.^s:Er  sample 
showed  very  strong  emissions,  and  thus  it  was  possible  to 
measure  the  decay  times  from  ten  different  sharp  emissions  in 


the  1.5  to  1.6  region.  Also,  the  lifetimes  of  various  of 
these  emissions  were  studied  as  a  function  of  sample 
temperature.  This  provided  important  information  on  the 
different  luminescent  centers  present  in  this  sample. 
Lifetime  measurements  were  also  performed  on  samples  co-doped 
with  oxygen.  The  results  for  the  ion  implanted  samples  will 
be  presented  in  this  section.  The  results  for  the  MBE-grown 
samples  will  be  presented  in  section  4.4,  and  those  for  the 
samples  co-doped  with  0  will  be  discussed  in  section  4.5.5. 

4.3.2  Data  Analysis 

The  experimental  setup  for  the  lifetime  measurements  and 
the  system  response  were  discussed  in  section  3.3,  and  the 
measured  system  response,  t.,  was  found  to  be  approximately 
15  nsec.  Since  most  of  the  measured  decay  times,  r,  were  in 
the  order  of  1  msec,  the  condition  t,  «  t  applies  for  most  of 
the  current  measurements.  Therefore,  it  would  seem  that  it  is 
not  necessary  to  consider  the  system  response.  However,  even 
with  long  decay  times,  the  system  response  does  affect  the 
transient  being  measured,  in  particular,  the  rise  time.  This 
can  Jae  understood  by  considering  that  the  observed  decay  is 
really  the  convolution  of  the  signal's  decay,  e(t),  and  the 
system's  response,  i(t).  Since  the  excitation  pulse  was 
9-12  nsec,  it  can  be  assumed  to  be  a  delta  function.  Assuming 
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both  decays  to  be  a  single  exponential,  i.e., 

i(t)  «  exp(-— )  ;  e(t)  «exp(-— ), 

the  observed  decay  will  be: 

D(T)  =A(exp(-— )  -exp(-— )), 

T  T, 

where  A  is  a  constant  whose  value  depends  on  t  and  t,.  When 
T,  «  T  and  at  t  »  t.,  the  effect  of  the  system  response  can 
be  ignored.  However,  a":  short  times  the  decay  will  be 
affected,  in  particular,  the  second  term  in  the  last  equation 
will  introduce  a  relatively  slow  rise  time,  even  when  assuming 
an  instantaneous  excitation  pulse.  This  can  be  seen  by 
calculating  the  time,  t„,  at  which  the  signal  shows  a  maximum. 
Taking  the  derivative  of  D(t)  and  equating  it  to  zero: 

D'{t)  *  0  =  A(-— exp(-— )  +— exp(-— )). 

T  XX.  X. 


Solving  this  equation  yields: 


•  lexp(-^)  =  -lexp(-l) 


-  if  =  exp(-^  -  -^) 

-  t(^  -  — )  =  In-^ 

T  T„  X 


1  ln(i5)  =  ..  ITf.  in(i^) 


_1  _  _1 
T  T. 


^5  -  T 


Thus,  even  with  an  instantaneous  excitation,  the  transient 
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will  rise  relatively  slowly,  and  will  show  a  maximum  at  t^. 
For  example,  for  t,  =  15  /xsec  and  t  =  1000  ^sec, 

tznax  =  ~^-§-°ln(.015)  =  63.95psec 

This  example  is  representative  of  our  results.  Note  that  even 
if  the  emission  signal  rises  to  its  maximum  at  t  =  0  after  the 
excitation  pulse,  the  observed  decay  will  take  approximately 
64  nsec  to  reach  its  maximum.  Thus  it  requires  caution  when 
trying  to  obtain  information  from  the  rise  time  of  the 
observed  signal.  It  is  particularly  omnimious  since  t^  has 
the  same  functional  form  as  various  proposed  excitation 
mechanisms  for  the  luminescence  (Demas  [1983],  pp.  117-126). 
For  example,  it  is  interesting  to  note  that  the  delay  in  the 
rise  of  the  Yb’*  signal  from  InP:yb  observed  by  Kasatkin  et  al. 
[1985]  was  fitted  to  an  equation  that  has  the  same  functional 
form  as  t^  (see  sec  2. 3. 5.1).  Since  these  authors  did  not 
discuss  the  system  response  of  their  experimental  setup,  their 
results  are  somewhat  doubtful. 

Since  in  our  case  t  »  t,,  the  exponential  decay  associated 
with  T,  decreases  much  faster  than  the  true  emission  decay 
itself.  Therefore,  at  long  enough  times,  the  decay  will  be  a 
single  exponential  with  time  constant  t.  One  way  to  determine 
T  is  to  fit  the  data  after  a  delay  time  t^  from  the  signal 
maximum.  In  that  case  t  will  have  an  error  that  depends  on 
the  value  of  tj.  Demas  [1983]  summarized  the  expected  errors 
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Table  HI 

Required  delay  (  in  units  of  r)  past  the  naxiiniun 
intensity  in  order  to  obtain  a  given  error  associated 
with  the  system  response  (Oemas  [1983],  pp.  122) 


Zrror  < 

10% 

5  % 

1% 

0.1% 

0.05 

0.12 

0.16 

0.24 

0.36 

0.10 

0.25 

0.32 

0.50 

0.76 

0.15 

0.38 

0.50 

0.78 

1.19 

0.20 

0.53 

0.70 

1.10 

1.67 

0.25 

0.68 

0.91 

1.44 

2.21 

0.30 

0.85 

1.14 

1.82 

2.81 

0.35 

1.04 

1.40 

2.25 

3.49 

0.40 

1.24 

1.68 

2.73 

4.27 

0.45 

1.46 

1.99 

3.29 

5.16 

0.50 

1.70 

2.35 

3.92 

6.22 

in  T  for  specific  t^  values  (in  units  of  r)  as  shown  in  table 
III.  The  first  column  on  the  tabic  indicates  the  ratio  t,/t, 
and  the  top  line  shows  the  maximum  error  for  a  specific  value 
of  t^.  For  example,  if  t,/t  =  0.1,  and  the  data  is  fitted  with 
t*  =  .12t  then  the  error  will  be  smaller  than  10%.  But  if  t^ 


=  .76t,  for  the  same  t.,  then  the  error  due  to  the  system's 
response  will  be  small than  0.1  %.  In  our  case  t,/t  is 
typically  on  the  order  of  .015,  and  tj  «  .3r  was  chosen, 
therefore  the  error  associated  with  t,  will  be  smaller  than 
0.1  %.  There  is  a  tradeoff  between  minimizing  the  effect  of 
T.  and  having  a  signal  strong  enough  to  be  able  to  fit.  The 
longer  t^  the  weaker  the  signal  will  be,  thus  making  the 
fitting  less  reliable.  This  is  especially  true  when  studying 
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the  T  dependence  on  temperature,  since  r  decreases  with 
increasing  T,  and  the  signal  strength  gets  much  weaker.  So 
far  it  was  assumed  that  the  decay  is  a  single  exponential,  but 
current  results  show  that  it  is  composed  of  two  decay 
components.  This  complicates  the  data  analysis,  since  the 
lifetime  of  the  fast  decay  component  seems  to  be  even  smaller 
than  the  system  response. 

4.3.3  6aAs:Er 

Figure  40  shows  the  low  temperature  decay  of  the  main  Er 
emission  from  Er  ion  implanted  SI,  n-,  and  p-type  GaAs 
implanted  with  an  ion  dose  of  5  x  lO'Vcm^  at  an  energy  of 
1  MeV.  The  p-type  substrate  was  ion  implanted  with  Mg  at 
10'*/cm’,  while  the  n-type  MOCVD-grown  substrate  was  doped  with 
Si  at  4.9  X  lO'Vcm’.  In  figure  40,  the  symbols  indicate  the 
experimental  data,  and  for  the  sake  of  clarity,  only  one  of 
every  20  data  points  is  plotted.  All  three  decays  show  fast 
decay  components  in  the  first  300  to  500  /xsec  after  the 
excitation  pulse.  This  component  is  most  probably  due  to  the 
underlying  bb  emission.  After  500  /xsec,  the  signal  decays 
much  more  slowly  and  it  appears  to  be  a  single  exponential 
decay.  The  solid  lines  show  a  single  exponential  fit  to  the 
slow  component  of  che  decay.  The  decay  times  obtained  from 
the  least  square  fit  were  1.07,  0.98,  and  1.13  msec  for  the 
SI,  n-,  and  p-type  sample,  respectively. 

The  n-type  sample  has  the  shortest  lifetime,  and  the  decay 
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time  may  depend  upon  the  Si  doping  level.  In  order  to 
determine  the  influence  of  the  Si  doping  level  on  the  decay  of 
the  Er’*  emissions,  lifetime  measurements  were  made  on  the 
three  different  Si  doping  levels  of  n-type  samples,  and  the 
results  are  shown  in  figure  41.  The  PL  spectra  from  these 
samples  were  discussed  in  section  4.1,  and  they  were  plotted 
in  figure  10. 

The  solid  lines  show  a  single  exponential  fit  to  the 
experimental  values.  As  before,  the  fit  was  done  for  the 
decay  curve  from  0.5  to  5  msec  after  the  excitation  pulse. 
The  sample  doped  with  Si  at  4.9  x  lO'Vcm’  is  the  same  sample 
used  in  figure  40.  At  a  higher  Si  concentration, 
3.3  X  lO'Vcm”,  the  lifetime  increases  to  approximately  1  msec. 
This  sample  shows  the  strongest  signal  of  the  three,  and  also, 
the  initial  fast  decay  is  hardly  noticeable.  The  sample  with 
the  highest  Si  concentration  shows  the  weakest  signal.  In 
this  case,  the  effect  of  the  initial  fast  decay  is  much  more 
pronounced.-  At  400  /xsec  after  the  excitation  pulse,  the 
signal  strength  is  decreased  by  a  factor  of  three.  However, 
the  slow  component  has  the  longest  lifetime  of  the  three 
samples.  That  is,  the  lifetime  consistently  increased  with 
increasing  Si  concentration.  It  is  interesting  to  correlate 
these  results  with  the  low  temperature  PL,  which  was  shown  in 
figure  10.  As  the  Si  concentration  increased  from  4.4  x  10'* 
to  3.3  X  lO'Vcm’,  the  PL  intensity  of  the  Er’*  emissions  and 
the  underlying  bb  emission  increased.  Since  the  lifetime  of 
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the  bb  emission  is  probably  several  orders  of  magnitude 
smaller,  the  initial  fast  decay  is  most  probably  due  to  this 
bb  emission.  Also,  because  the  Er**  emissions  are  much 
stronger,  the  decay  is  mostly  dominated  by  the  slow  component. 
On  the  other  hand,  the  sample  having  the  highest  Si 
concentration  shows  a  small  decrease  in  the  intensity  of  the 
underlying  bb  emission,  but  the  intensity  of  the  Er’*  emissions 
decreased  considerably.  As  a  result,  the  initial  decay  is 
dominated  by  the  bb  emission.  The  decrease  in  the  Er’*  PL 
intensity  at  the  highest  Si  doping  can  be  explained  by  an 
increased  competing  Auger  energy  transfer  from  the  Er-bound 
exciton  to  free  carriers,  such  as  proposed  initially  by 
Benyattou  et  al.  [1990,  1991].  This  was  discussed  in  the 
excitation  model  presented  in  section  4.1.3.  Upon 
illumination,  hot  carriers  are  created  by  excitation  from  the 
donor  level.  As  discussed  previously,  increasing  the  carrier 
concentration  beyond  a  certain  level  will  result  in  a  smaller 
probability  of  energy  tran.-.fer  from  the  Er-bound  exciton  to 
the  4f-shell.  Of  course  this  process  will  only  affect  the 
excitation  efficiency  as  indicated  by  the  PL  intensity  at 
t  =  0,  and  it  should  not  affect  the  lifetime.  Furthermore, 
the  lifetime  increased  with  Si  concentration,  and  this  might 
be  due  to  the  presence  of  an  additional  excitation  mechanism 
in  the  doped  samples.  One  possibility  is  that  holes  trapped 
at  the  Er-related  trap  may  recombine  with  electrons  at  the 
donor  level.  This  process  will  be  much  slower  than 
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recombination  with  free  electrons.  It  will  also  depend  on  the 
Si  concentration.  At  high  Si  concentrations,  the  distance 
between  the  Er  and  Si  ions  will  be  smaller,  thus  increasing 
the  probability  of  this  process.  This  could  also  explain  the 
presence  of  a  small  peak  close  to  the  bandedge  in  the  SEL 
spectra,  since  this  weak  excitation  peak  could  then  be 
interpreted  as  due  to  the  excitation  of  electrons  from  the 
valence  band  to  the  donor  states.  The  presence  of  a  fast  and 
a  slow  excitation  process  will  affect  the  decay,  resulting  in 
apparently  longer  decay  times. 

Temperature  dependent  lifetime  measurements  were  done  on 
the  SI-GaAs  sample,  and  figure  42  shows  the  Er^*^  decay  at  10, 
40,  100,  and  160  K.  The  initial  fast  component  was  seen  at 
all  temperatures.  It  is  interesting  to  compare  present 
results  with  those  obtained  by  Klein  et  al.  [1991].  These 
authors  studied  the  time  decay  from  ion  implanted  GaAstEr,  and 
they  found  that  the  Er’*  decay  consisted  of  a  fast  and  a  slow 
component.  However,  the  low  component  was  found  to  be  non¬ 
exponential,  and  independent  of  the  sample  temperature. 
Furthermore,  the  fast  component  of  the  decay  was  attributed  to 
the  Er’*  emissions.  In  contrast  to  these  results,  current 
results  show  the  slow  component  can  be  considered  to  be  a 
single  exponential  decay  at  all  temperatures,  as  shown  in  the 
figure  by  the  solid  lines,  which  represent  a  single 
exponential  fit  to  the  experimental  values.  Also,  the 
lifetime  decreases  as  the  sample  temperature  increases,  even 
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Figure  42  Time  decay  of  the  1.538  fim  Er’*  emission  from 
SI-GaAs:Er  implanted  at  1  MeV  with  a  dose  of  5  x  lO‘^/cm^  at 
different  sample  temperatures 
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at  temperatures  below  100  K.  Finally,  we  assigned  the  fast 
component  of  the  decay  as  due  to  the  underlying  bb 
emission,  while  Klein's  samples  did  not  show  this  bb  emission. 

Figure  43  shows  a  plot  of  the  lifetime  as  a  function  of 
1/T.  The  solid  line  shows  a  fit  to: 


t(D 


T(0) 


1  + 


E 

^iexp(-^) 


+  Ajexp(-^) 


The  fitting  parameters  are  A,  =  1.05,  E,  =  9  meV,  Aj  =  2959,  and 
Ej  =  169  meV.  Although  for  RE  doped  III-V  materials  the 
integrated  PL  intensity  dependence  on  temperature  is  normally 
fitted  to  two  activation  energies,  a  fit  with  only  one 
activation  energy  is  expected  for  the  lifetime  dependence  on 
temperature  (Thonke  et  al.,  [1990]).  The  reason  being  that  in 
InP:yb  the  activation  energies  obtained  from  the  temperature 
dependence  of  the  integrated  intensity  have  been  interpreted 
as  due  to  the  quenching  of  the  4f  luminescence  by  thermal 
emission  of  the  trapped  particle  to  the  bands  or  by 
dissociation  of  the  exciton  bound  to  the  traps.  Therefore,  in 
that  case  one  expects  to  obtain  a  large  activation  energy 
corresponding  to  the  trap  energy  and  a  small  activation  energy 
corresponding  to  the  binding  energy  of  the  exciton  to  the 
traps.  However,  dissociation  of  the  bound  exciton  will  only 
affect  the  excitation  efficiency  and  should  not  affect  the 
lifetime.  Therefore,  it  is  surprising  that  the  experimental 
data  for  GaAs:Er  couldn't  be  fitted  with  a  single  activation 
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Figure  43  The  ratio  of  lifetimes  at  T  and  T 
t(T)/t(0),  as  a  function  of  sample  temperature 


energy . 

At  present,  Ej  can  be  interpreted  as  the  sum  of  the  Er- 
related  trap  energy  and  the  bound  exciton  binding  energy, 
however,  we  do  not  have  a  proper  interpretation  of  E,.  The 
much  smaller  magnitude  of  A,  compared  to  Aj  suggests  that  this 
mechanism  is  much  more  inefficient  than  the  mechanism  with  the 
larger  activation  energy.  Finally,  these  values  must  be 
interpreted  with  care,  since  the  temperature  quenching  is  most 
probably  due  to  a  combination  of  several  processes.  One  of 
these  processes  is  the  de-excitation  by  energy  transfer  from 
the  Er’*  excited  state  to  free  carriers.  Thus,  in  the  prjesent 
case  a  SI-GaAs  sample  was  used  to  minimize  the  effect  o^  this 
last  process.  The  presence  of  several  quenching  processes 
that  affect  the  temperature  dependence  of  the  Er’*  emissions 
reduces  the  reliability  of  results  obtained  from  this  ty^e  of 
analysis.  In  order  to  obtain  a  better  understanding  of  these 
processes,  it  is  necessary  to  do  further  work. 

In  conclusion,  the  results  obtained  from  lifetime 
measurements  can  be  explained  consistently  by  using  our 
excitation  model,  although  more  work  in  this  area  is  needed  in 
order  to  obtain  a  proper  interpretation  of  some  of  the  results 
obtained  such  as  the  small  activation  energy  E,.  There  are 
still  some  discrepancies  between  the  results  reported  here  and 
those  of  other  researchers.  Two  possible  reasons  for  these 
discrepancies  are:  (i)  the  presence  of  multiple  luminescence 
centers  in  Er  doped  GaAs,  and,  (ii)  the  fact  that  the 


4.4  Intra-4f  Emissions  from  MBE-grown  6aAs:Er  and 
Al,6at^s :  Er 

The  optical  studies  of  Er  doped  GaAs  and  Al,Ga,,As  layers 
grown  by  conventional  solid  source  molecular  beam  epitaxy 
(MBE)  are  the  subject  of  this  section.  Al,Ga,.^s:Er  and 
GaAsrEr  layers  were  grown  on  (001)  GaAs  substrates,  but  some 
layers  of  GaAsrEr  were  also  grown  in  other  directions.  The 
aluminum  mole  fraction  values  used  for  Al,Ga,.^s:Er  are 
X  =  0.33,  0.5,  and  0.7.  The  Er  concentration  versus  the  Er 
cell  flux  was  calibrated  using  secondary  ion  mass  spectroscopy 
(SIMS)  measurements.  The  Er’"^  emissions  were  studied  as  a 
function  of  substrate  growth  temperature  and  Er  concentration. 
In  addition,  some  Si  co-doped  samples  were  also  grown. 

4.4.1  Growth  Characterization:  SIMS  and  RHEED  Measurements 

The  SIMS  measurements  were  calibrated  by  measuring  the 
profile  of  an  Er  ion  implanted  SI-GaAs  sample.  In  turn,  SIMS 
profile  measurements  of  GaAsrEr  grown  at  a  substrate 
temperature  (T.)  of  300  “C  were  performed  to  calibrate  the  Er- 
cell  flux.  Erbium  doping  levels  of  up  to  5  x  10®/cm’  were 
easily  obtained  as  were  sharp  concentration  profiles.  In 
order  to  study  Er  incorporation  at  different  substrate  growth 
temperatures,  an  Er  doped  GaAs  layer  was  grown  in  a  square 
wave  fashion  while  T,  was  reduced  in  steps  from  660  to  500  °C. 
The  doping  profile  of  this  sample  and  SIMS  profile 
measurements  are  shown  in  figure  44  along  with  the  substrate 
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Figure  44  Er  doping  profile  and  SIMS  profile  measurements  of 
MBE  GaAs:Er  layers  grown  at  various  substrate  temperatures 


growth  temperature  profile.  As  can  be  seen  from  the  figure, 
the  Er  peak  concentration  is  independent  of  T,  from  500  to 
660  ”C,  and  is  approximately  equal  to  the  value  expected  based 
on  Er-vapor  pressure  data,  thus  indicating  a  100%  Er- 
incorporation  efficiency  for  T,  <  660  "C.  After  growth  of 
200  nm  of  GaAsrEr  at  500  "C,  T,  was  ramped  to  300  "C,  as  shown 
in  the  figure,  while  GaAs:Er  growth  continued.  The  presence 
of  the  spike  in  [Er]  indicates  that  Er  was  riding  on  the 
surface,  and  was  subsequently  incorporated  into  the  lattice 
when  T,  was  dropped  from  500  “C.  The  spike  represents 

approximately  one  Er  monolayer.  This  effect  can  be  important 
when  co-doping  with  other  species,  for  example  Si,  since  the 
probability  for  the  second  species  encountering  an  Er  ion  to 
form  a  complex  will  be  very  high.  The  steepness  of  the  [Er] 
profile  between  undoped  GaAs  and  GaAstEr  layers  is  reduced  for 
higher  T,  values,  thus  suggesting  a  thermally  activated 
diffusion  mechanism,  at  least  in  the  growth  direction  of  the 
substrate.  However,  in  the  growth  direction,  surface  riding 
may  be  more  important  than  simple  thermal  diffusion  for  [Er] 
profile  broadening.  Reflective  high  energy  electron 
diffraction  (RHEED)  intensity  damping  and  recovery  behavior 
during  and  upon  interrupting  the  GaAsiEr  growth  are  consistent 
with  the  SIMS  results,  indicating  significant  surface  riding 
of  Er  at  T,  >  500  "C.  RHEED  intensity  profiles  showed 
increased  damping  of  the  intensity  oscillations  for 
[Er]  >  4  X  lO'Vcm’.  GaAs;Er  growth  interruption  resulted  in 


144 


recovery  of  the  RHEED  specular  beam  intensity  at  a  rate  that 
was  approximately  one  order  of  magnitude  slower  than  that 
obtained  for  GaAs  growth  interruption.  Growth  of  up  to  ten 
monolayers  of  GaAs  on  the  interrupted  GaAs:Er  surface  resulted 
in  very  little  enhancement  of  the  RHEED  intensity  recovery 
rate . 


4.4.2  Photoluminescence  Measurements 

As  for  the  ion  implanted  samples,  MBE-grown  GaAsrEr  and 
Al,Ga,.^s:Er  layers  show  multiple  sharp  emissions  between  1.53 
and  1.6  /xm.  All  of  these  emissions  have  been  assigned  to  the 
intra-4f  transitions  between  the  crystal  field  split  states  of 
^I„/3  and  of  Er’*.  The  emission  spectrum  depends  strongly 
on  growth  conditions,  erbium  concentration,  and  co-doping. 
Figure  45  shows  the  low  temperature  PL  from  GaAsrEr  and 
Al,Ga,.,As : Er  layers  for  the  values  of  x  =  0,  0.33,  0.5,  and 
0.7.  The  spectra  shown  are  for  MBE  layers  grown  at  T,  =  580  'C 
with  [Er]  =  1.5  X  lO'Vcm’.  The  PL  spectra  for  the  x  =  0.33  and 
0.5  samples  were  recorded  using  narrower  slit  openings  than 
for  the  two  other  samples.  The  emissions  from  the  x  =  0.7 
sample  appear  to  have  wider  linewidths  because  of  the 
difference  in  resolution.  From  the  figure,  two  different  sets 
of  emissions  can  be  distinguished;  a  group  of  very  sharp 
emissions  near  1.54  ^m  and  another  group  near  1.565  urn.  The 
1.565  /xm  emissions  are  only  observed  in  the  PL  of  Al,Ga|.^s:Er 
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Figure  45  Low  temperature  PL  from  MBE  grown  GaAs:Er  and 
Al,Ga,.i^s : Er  (  x  =  0.33,  0.5,  and  0.7) 


I 


samples,  and  consist  of  four  or  more  emission  peaks.  Although 
the  relative  intensity  among  the  various  peaks  changes  with  x, 
many  of  the  emissions  are  observed  at  the  same  positions 
independent  of  the  x  value,  except  for  those  of  GaAsrEr.  This 
is  indicative  of  the  atomic  nature  of  these  emissions. 
Furthermore,  changes  in  relative  intensities  are  mostly  due  to 
differences  in  growth  conditions  and  Er  concentrations,  and 
not  due  to  the  host  material  itself.  This  will  become  evident 
after  discussing  the  effect  of  T.  and  the  Er  concentration  on 
the  Er’^  emissions. 

l' 

In  order  to  study  the  effect  of  T,  on  the  Er’^  luminescence, 

I 

Er  doped  GaAs  and  AlojaGao^TAs  layers  were  grown  at  T.  =  560, 
580,  600,  and  620  *0  on  a  buffer  layer  grown  on  top  of  the  SI- 
GaAs  substrate.  A  0.75  fim  layer  of  GaAs:Er  with  an  Er 

i 

concentration  of  4  x  10”/ cm’  was  grown  on  the  buffer  layer, 

I 

followed  by  a  0.75  ^m  layer  of  AlojjGaoj^As : Er  with  the  same  Er 

j 

concentration.  Firtally,  a  50  A  GaAs  layer  was  grown  on  the 
very  top.  To  study j the  luminescence  from  the  GaAs:Er  layers, 
approximately  9000  A  were  etched  from  each  sample.  Figure  46 
shows  the  low  temperature  PL  from  AlojjGao.eTAsrEr  layers  grown 
at  different  T,.  The  PL  was  excited  using  the  488  nm  line  of 
the  Ar  ion  laser  at  a  sample  temperature  of  6  K.  The  dominant 
feature  in  the  PL  from  the  sample  grown  at  T,  =  560  "C  is  a 
doublet  structure  with  peaks  at  1.540  and  1.542  nm.  At 
T,  =  580  °C,  a  weak  emission  at  1.538  #im  begins  to  show,  and  it 
grows  in  intensity  as  T.  increases,  and  dominates  the  PL 
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Figure  4  6  Low  temperature  PL  from  Alj,  jjGaQ  ^^AsrEr  layers  grown 
by  MBE  at  different  substrate  temperature’s 


spectrum  at  620  "C.  The  peaks  near  1.56  nm  increase  fourfold 
in  intensity  as  T,  increases  from  560  to  600  °C,  but  the 
intensity  decreases  at  T,  =  620°C.  An  interesting  observation 
is  that  the  peak  centered  near  1.532  (im  shows  the  same  trend 
as  the  1.565  urn  emissions.  Therefore,  the  1.532  /xm  emission 
might  originate  from  the  same  Er  complex  center  giving  rise  to 
the  1.565  /xm  emissions.  Later,  we  will  discuss  this  point  in 
greater  detail.  The  group  of  1.54  /xm  emissions  originate  from 
at  least  three  luminescent  centers.  This  can  be  deduced  by 
comparing  PL  intensities  of  peaks  at  1.532,  1.536,  1.538, 

1.540,  1.542,  and  1.548  /xm  for  each  spectrum  shown  in  the 
figure.  Changes  in  relative  intensities  among  these  peaks 
show  that  they  originate  from  different  luminescent  centers. 

The  effect  of  T,  on  the  PL  spectrum  of  GaAs;Er  in  the  1.5 
to  1.6  /xm  region  is  shown  on  figure  47.  In  all  four  cases, 
the  Er’'^  emissions  are  much  weaker  than  for  AlojjGaog^s.  The 
sample  grown  at  620  "C  shows  the  weakest  emissions.  However, 
the  1.538  /xm  peak,  which  is  the  strongest  emission  near 
1.54  /xm  in  Al,Ga,.^s,  is  appreciable  only  at  T.  =  620  ”C  for 
GaAs.  This  is  consistent  with  the  results  discussed 

previously  that  the  intensity  of  this  peak  is  very  weak  at 
lower  T,  as  shown  in  figure  46.  In  the  present  case,  the 
strong  emissions  are  centered  at  1.5406,  1.5426,  and 

1.5482  /xm.  At  T,  =  560  "C  the  PL  is  dominated  by  the  peaks  at 
1.5406  and  1.5482  /xm,  as  in  AlojjGaojrAs ; Er  at  560'’C.  The  main 
difference  between  GaAs  and  AlojaGao^^As  is  the  relative 
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Figiire  47  Low  temperature  PL  from  GaAs;Er  layers  grown  by  MBE 
at  different  substrate  temperatures 


intensity  between  the  1.5406  and  1.5426  nm  peaks,  since  the 
1.5426  nm  peak  is  much  stronger  in  GaAsrEr.  Unfortunately,  no 
clear  trend  can  be  observed  as  a  function  of  T,.  However,  the 
intensities  of  the  1.5406  and  1.5426  nm  peaks  decrease  from 
560  to  580  °C,  then  increase  at  600  “C  and  finally  decrease 
significantly  at  620  "C.  A  careful  examination  of  figure  46 
will  reveal  a  similar  behavior  for  the  1.5406  m®  emission  from 
Aloj3Gao.j^s ; Er .  However,  variations  in  the  PL  intensity  for  the 
GaAstEr  samples  are  not  significant,  since  the  overall  4f 
emissions  are  very  weak,  and  only  small  intensity  changes  are 
observed.  The  reason  for  the  weak  4f  emissions  in  GaAs:Er  is 
most  probably  because  of  the  Er  concentrations  used.  Recent 
studies  [Poole,  1992]  have  shown  that  the  Er  solubility 
limit  in  GaAs  is  only  5  x  lO'Vcm’.  Thus,  doping  at  higher 
concentrations  may  result  in  the  formation  of  optically 
inactive  ErAs  microparticles.  At  much  higher  concentrations, 
the  size  of  these  microparticles  increases,  causing 
dislocations  and  other  defects.  In  the  current  case,  the  Er 
concentration  is  approximately  two  orders  of  magnitude  higher 
than  the  solubility  limit.  1 

In  order  to  study  the  effect  of  the  Er  conci^ntration  on  the 

Er**  emissions,  the  low  temperature  PL  from  k^^iGa^iks:  (Er+Si) 

1 

and  AlojGe^jjAsiEr  samples  were  studied  as  a  inunction  of  Er 
concentration.  The  samples  were  grown  at  T, |=  580  "C  in  a 
similar  fashion  as  the  samples  used  in  the  T,  ptudy.  A  1  /xm 
thick  AlojGaojAs :  Er  layer  was  grown  following  a  buffer  layer  on 
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a  SI-GaiAs  substrate.  This  layer  was  followed  by  another  1 
thick  AlojGaojAs;  (Er+Si)  layer  and  a  50  A  GaAs  cap  layer  on  top 
of  the  structure.  The. ’efore,  for  the  luminescence  study  of 
the  layers  without  Si  co-doping,  approximately  1.1  im  was 
etched  off  from  the  particular  structure.  The  PL  spectra  of 
the  AlojGe^jjAs ;  (Er+Si)  and  Al,jGeiojAs:Er  samples  are  presented  in 
figures  48  and  49,  respectively.  As  shown  in  figure  48  for 
the  case  of  Si  co-doping,  at  the  lowest  Er  concentration  of 

1.7  X  lO'Vcm*,  only  very  weak  emissions  are  observed,  both  in 
the  1.54  and  1.56  nm  regions.  Increasing  the  Er  concentration 
to  2.7  X  lO'Vcm’  results  in  an  increase  in  the  PL  intensity  of 
the  1.538  fim  peak  by  a  factor  of  30.  However,  the  1.538  jum 
peak  intensity  decreased  slightly  upon  increasing  the  Er 
concentration  to  1.5  x  10'*/ cm’.  After  a  further  increase  in 
the  Er  concentration  to  4.6  x  10'*/ cm’,  the  Er’*  emissions  were 
almost  completely  quenched,  and  at  [Er]  =  2.0  x  10®/ cm’,  no 
Er’*  emissions  can  be  observed. 

The  1.56  nm  emissions  show  a  slightly  different  trend.  As 
the  Er  concentration  was  increased  from  1.7  x  10”  to 

2.7  X  10'*'cm’  the  PL  intensity  increased  approximately  12 
times.  At  a  higher  Er  concentration  of  1.5  x  10'*/ cm’,  the  PL 
intensity  of  the  1.56  nm  emissions  was  increased  further.  As 
with  the  case  of  the  1.54  /xm  emissions  the  1.56  /xm  emissions 
are  quenched  at  higher  Er  concentration.  Therefore,  the 
optimum  Er  concentration  for  these  emissions  is  between 

2.7  X  10"  and  1.5  x  10'*/ cm’.  Note  that,  as  with  the  case  of 
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Figure  48  Low  Temperature  PL  of  AlojGa,^s:  (Er+Si)  layers  grown 
by  MBE  at  T,  =  580  ®C  with  various  Er  concentrations 
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Figure  49  Low  temperature  PL  from  AlojGaojAs ;  Er  layers  grown 
by  MBE  at  T,  =  580  °C  with  different  Er  concentrations 
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Al,Ga,.^s  grown  et  different  T.,  the  intensity  variation  of  the 
1.32  nm  peak  as  a  function  of  Er  concentration  follows  the 
same  trend  as  that  of  the  1.56  nn  emissions. 

Figure  49  shows  the  PL  spectra  of  AlojGaojAs :  Er  layers  grown 
with  different  Er  concentrations,  and  similar  PL  results  were 
obtained  as  for  the  samples  with  Si  co~doping.  The  main 
difference  between  the  spectra  of  figure  49  and  those  shown  in 
figure  48  is  the  fact  that  the  strongest  emissions  now  occur 
at  1.5  X  lO'Vcm^  and  except  for  the  sample  with 
[Er]  =  2.7  X  10"/cm’,  all  other  samples  show  slightly  stronger 
emissions  than  the  corresponding  sample  co-doped  with  Si. 
This  is  possibly  due  to  the  formation  of  optically  inactive 
Er-Si  complexes  in  the  co-doped  sample.  Since  up  to  one  Er 
monolayer  rides  on  the  surface  during  growth,  the  probability 
of  Si  atoms  interacting  with  Er  atoms  to  form  complexes  is 
very  high.  This  interpretation  is  also  supported  by  the 
results  from  electrical  measurements. 

Figure  50  shows  a  plot  of  the  PL  i.itensity  of  the  1.538  /urn 
peak  and  the  carrier  concentration  as  a  function  of  Er 
concentration.  The  vertical  left  axis  indicates  the  PL 
intensity,  and  the  right  axis  shows  the  carrier  concentration. 
Even  though  all  the  samples  were  doped  nominally  with  the  same 
Si  concentration,  the  carrier  concentration  decreased  as  the 
Er  concentration  increased.  It  could  be  argued  that  Er  fori.»s 
acceptor  levels  that  compensate  the  donors.  However,  the 
results  for  the  ion  implanted  samples  as  well  as  other  MBE 
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samples  indicate  that  Er  doping  does  not  introduce  carriers. 
This  has  been  verified  not  only  by  our  own  results  but  also  by 
other  researchers  in  the  field  (Moore  et  al,  [1992]). 
Therefore,  the  decrease  in  the  carrier  concentration  may  be 
due  to  the  formation  of  Er-Si  complexes.  This  is  the  well 
known  "donor  gettering"  effect,  which  is  observed  when  doping 
III-V  semiconductors  with  RE  elements  during  crystal  growth 
(Raczyriska  et  al.  [1988],  Lagvilava  et  al.  [1990]).  These 
complexes  appear  to  be  optically  inactive,  because  the  low 
temperature  PL  intensity  decreases  upon  co-doping  with  Si. 

Since  the  samples  doped  with  Er  at  2.7  x  10‘*  and 
1.9  X  10‘Vcm^  showed  very  strong  emissions,  it  was  possible  to 
used  much  narrower  slit  openings  to  record  their  spectra.  The 
slit  openings  were  100  and  200  nm  for  the  entrance  and  exit 
slits,  respectively.  This  represents  the  best  resolution  in 
the  1.5  }im  emission  region  for  all  the  spectra  shown  in  this 
work.  It  can  be  seen  from  these  spectra  that  the  FWHM  of  the 
1.538  jum  peak  is  «  0.2  meV,  and  that  of  the  1.565  /im  peak  is 
«  0.8  meV.  Also,  note  that  the  1.532  /xm  peak  is  really  a 
doublet  with  peaks  at  1.5318  and  1.5325  urn.  Note  also  that 
the  intensity  variation  of  this  doublet  as  well  as  that  of  the 
1.544  /xm  peak  follow  the  same  trend  as  a  function  of  Er 
concentration  as  that  of  the  1.56  /xra  peaks.  This  correlation, 
observed  in  several  different  samples,  is  a  strong  indication 
that  the  1.5318  and  1.5325  /xm  peaks  originate  from  the  same 
luminescent  center  as  that  of  the  1.56  /xm  emissions.  The 
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results  from  lifetime  experiments  present  further  proof  of  the 
above  relationship  between  these  emissions.  Such  results  will 
be  presented  in  section  4.4.3. 

In  summary,  low  temperature  PL  studies  of  AlojjGciofTAsrEr  and 
GaAs:Er  as  a  function  of  substrate  temperature,  and  those  of 
Alo.jGao.jAs :  Er  with  and  without  Si  co~doping  suggest  the  presence 
of  at  least  three  different  Er-related  luminescent  centers. 
The  relative  strength  among  peaks  originated  from  different 
centers  varies  differently  for  each  sample,  depending  upon  T. 
and  [Er].  At  present,  there  is  no  specific  knowledge  as  to 
the  nature  of  the  particular  Er  complexes  giving  rise  to  these 
emissions.  In  addition,  it  should  be  pointed  out  that  the  PL 
from  different  regions  of  the  same  wafer  showed  different 
relative  intensities  among  the  various  emission  peaks,  rhus 
indicating  that  these  complexes  are  not  homogeneously 
distributed  across  the  wafer. 

As  mentioned  above,  the  Er’*  emissions  seem  to  originate 
mostly  from-  non-substitutional  Er  and  Er-related  complexes. 
This  was  also  suggested  by  RBS  measurements  on  RE  implanted 
III-V  semiconductors  (Kozanecki  et  al.  [1992])  as  discussed  in 
section  4.1.  Therefore,  it  is  of  interest  to  see  whether 
growing  the  Er  doped  layers  at  different  crystal  orientations 
would  favor  the  formation  of  such  optical  active  complexes, 
thus  enhancing  the  Er’*  emissions.  To  determine  this,  GaAs:Er 
layers  were  grown  along  the  <100>,  <211>,  <lll>,  and  <311> 
directions.  Another  set  of  GaAs:Er  layers  were  grown  on 
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slightly  misoriented  substrates.  The  low  temperature  PL  of 
these  samples  is  shown  in  figures  51  and  52.  The  samples 
grown  along  the  <100>  direction  showed  the  strongest 
emissions.  Other  than  the  PL  intensity  of  the  various  peaks, 
the  spectra  from  the  samples  grown  along  different 
orientations  showed  no  differences. 

The  Er’^  energy  level  diagram  shown  in  figure  2  shows  that 
various  excited  states  of  the  4f  levels  could  be  accommodated 
by  the  bandgap  of  III-V  semiconductors  under  the  right 
conditions.  Specifically,  the  and  the  levels  are 

approximately  1.25  and  1.5  eV  above  the  ground  state, 

respectively.  Optical  transitions  from  these  levels  should  be 
observable  in  the  low  temperature  PL.  However,  in  GaAs:Er, 
the  -*  ^I|3;j  transition  has  been  observed  in  the 

electroluminescence  (EL)  spectra,  but  not  in  PL.  The  reason 
for  this  discrepancy  between  EL  and  PL  might  be  that  the 
excitation  mechanism  is  different  in  the  two  cases.  In 
Al,Ga,.^s:Er,  sharp  peaks  around  988  nm  that  were  assigned  to 
the  ^1,1,2  ^Ii3/2  transition,  have  been  observed  in  the  low 

temperature  PL  of  Al<,,55Gao,tjAs ; Er  (Benyattou  et  al.  [1992]).  The 
988  nm  emissions  haven't  been  observed  in  the  PL  of  current 
ion  implanted  or  MBE-grown  GaAsiEr  samples.  However,  a  series 
of  sharp  emissions  have  been  observed  from  some  of  our  MBE- 
grown  Al,Ga,.^s:Er  layers  with  x  =  0.33  and  0.5,  and  the 
results  are  shown  in  figure  53.  The  wavelength  of  all  the 
peaks  near  988  nm  are  shown  in  table  IV.  l  ie  samples  are 
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Figure  51  Low  temperature  PL  for  GaAs:Er  grown  by  MBE  along 
the  <100>,  <211>,  and  <311>  crystal  directions 


Table  IV 


emissions  near  1.0  /xm 


Wavelength 

Energy 

(Angstroms) 

(eV) 

X058 

9841 

1.2599 

9854 

1.2582 

9879 

1.2550 

9902 

1.2521 

9930 

1.2486 

9980 

1.2326 

10000 

1.2399 

10060 

1.2325 

10184 

1.2175 

X028 

9840 

1.2600 

9863 

1.2571 

9880 

1.2549 

9941 

1.2472 

X027e 

labeled  as  x051,  x028,  and  x027e.  The  sample  x051  is  an 
Aloj3Ga,«TAs. Er  layer  grown  at  T,  =  580  ”C  with  [Er]  =  5  x  lO'Vcrn’, 
the  sample  x028  is  AlojGaojAs:  (Er+Si)  grown  at  T,  =  620  "C  with 
[Er]  =  2.7  X  lO'Vcm’,  and  the  sample  x027e  is  an  Alj^GaojAs : Er 
layer  grown  at  T,  =  620  "C  with  [Er]  =  1.5  x  lO'Vcm’  but  after 
etching  the  (Er+Si)  layer.  The  PL  of  the  1.5  to  1.6  fim  region 
for  samples  x028  and  x027e,  were  shown  in  figures  48  and  49, 
respectively.  Note  from  figure  53  that  the  relative 
intensity  among  different  peaks  is  different  for  each  sample 
and  not  all  the  peaks  are  observed  in  all  the  samples.  This 
suggests  that  these  emissions  originate  from  at  least  two 
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different  luminescent  centers.  In  addition,  there  is  no 
correlation  between  the  strength  of  the  988  nm  emissions  and 
the  emissions  near  1.54  and  1.56  nm.  This  can  be  observed  by 
comparing  figure  53  to  figure  54,  which  shows  the  PL  spectra 
in  the  1.5  nm  region  for  the  same  samples  as  in  figure  53. 
Note  from  figure  54  that  the  samples  x027e  and  x028  showed  the 
strongest  emissions  in  the  1.54  and  1.56  ^m  regions,  while  the 
sample  x058  showed  much  stronger  emissions  near  988  nm. 
Previous  reports  (Benyattou  et  al.  [1992])  argued  that  these 
emissions  have  the  same  behavior  as  a  function  of  temperature 
as  the  1.56  /im  emissions.  However,  a  comparison  of  these  two 
sets  of  emissions,  from  figures  53  and  54,  indicates  that  the 
1.56  ^m  and  the  988  nm  emissions  originate  from  different 
luminescence  centers.  This  also  implies  that  different 
excitation  mechanisms  are  involved  in  the  excitation  of  the 
988  nm  emissions  and  that  of  the  1.5  ^m  emissions. 
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Figure  54  Emission  spectra  of  MBE-grown  Al,Ga,.^s:Er  with 
X  =  0.33  and  0.5  in  the  1.5-1. 6  nm  emission  region 


4.4.3  Lifetime  Measurements  and  Its*  Temperature  Dependence 

Lifetime  measurements  of  the  Er*"*"  emissions  from  MBE-grown 
G£iAs:Er  and  A  lojGaojAs :  Er  were  performed  in  order  to  study  the 
kinetics  of  the  intra-4f  emissions.  Figure  55  shows  the  time 
decay  of  the  main  Er’^  emission  from  GaAs:Er  measured  at 
T  =  10,  55,  and  200  K.  The  PL  spectrum  of  the  sample  studied 
was  shown  in  figure  47,  and  it  show  that  the  main  emission 
near  1.54  urn  consists  of  a  doublet  with  peaks  at  1.540  and 
1.542  n,i&.  Due  to  the  weak  intensity  of  the  signal,  lifetime 
measurements  on  this  sample  were  done  using  slit  openings  of 
1  mm  for  both  the  entrance  and  exit  slits,  therefore,  the 
observed  signal  is  really  a  convolution  of  the  double  peaks. 
However,  the  observed  decay  is  mostly  fitted  with  a  single 
exponential,  as  shown  in  the  figure  by  the  solid  lines.  This 
would  suggest  that  both  emissions  originate  from  the  same 
luminescent  center.  The  initial  fast  component  that  was 
observed  in  the  ion  implanted  samples  is  not  apjparent  for  the 
MBE  samples  until  high  sample  temperatures  and  even  at  high 
temperatures,  the  initial  fast  component  only  affects  the 
decay  during  first  200  ^sec,  or  less,  after  the  excitation 
pulse.  Since  at  these  high  temperatures  the  Er’*  lifetime  is 
much  shorter,  the  initial  fast  component  might  be  due  to  both 
the  system  response  and  emission  lifetime.  At  10  K,  the 
lifetime  was  found  to  be  940  nsec,  and  it  is  of  the  same  order 
of  magnitude  as  that  obtained  for  the  ion  implanted  samples. 
Further  information  concerning  the  kinetics  of  these  emissions 
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Figure  55  Time  decay  of  the  1.540  nm  Er^*  emission  from  MBE 
grown  GaAs;Er  measured  at  T  =*  10,  55,  and  200  K 


Table  V 

Decay  tines  of  the  1.54  fiia  emission  from  MBE  GaAs:£r 
as  a  function  of  sample  temperature 


Temp. 

T 

(K) 

(nsec) 

9.8 

944 

12 

970 

16.3 

982 

23 

995 

28.7 

1002 

35.6 

1014 

45.2 

1023 

54 . 9 

1029 

64.5 

1039 

74 . 1 

1096 

83.9 

1076 

96 . 9 

1054 

108 . 8 

1021 

118.8 

1000 

129.5 

955 

143.3 

901 

156.1 

809 

168.9 

699 

182.9 

516 

198.7 

466 

215.5 

360 

232.6 

229 

246.6 

195 

261.1 

132 

275.7 

57 

can  be  obtained  from  the  temperature  dependence  of  the  decay 
time.  Note  in  figure  55  that  the  Er’*  decay  at  55  K  i^.  tlo' 
than  that  at  10  K,  which  is  an  unexpected  result.  Thu. 
lifetimes  at  various  sample  temperatures,  T,  are  listed  in 
table  V.  Note  that  at  low  T,  the  decay  time  increasas 
unexpectedly  as  T  increases.  This  is  also  illustrated  in 
figure  56,  which  shows  the  ratio  t(T)/t(0)  as  a  function  of 
1/T,  where  r(0)  was  chosen  as  the  decay  time  at  10  K.  For 
comparison  purposes,  the  figure  also  shows  the  same  data  for 
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Figure  56  Lifetime  ratio  t(T)/t(0)  as  a  function  of  l/T  for 
the  main  1.540  fim  Er^""  emission  from  MBE-grown  and  ion 
implanted  GaAs:£r 


the  ion  implanted  sample.  In  the  case  of  the  ion  implanted 
sample  t  decreases  monotonically  as  T  increases,  while  in  the 
case  of  the  MBE  sample  case  t  increases  slightly  as  T 
increases,  from  940  ixsec  at  10  K  to  approximately  1.1  msec  at 
74  K.  At  higher  temperatures  for  T  >  74  K,  t  decreases  slowly 
as  T  increases,  but  when  the  sample  temperature  increases 
beyond  120  K,  t  decreases  very  rapidly,  approaching  60  nsec  at 
276  K.  It  is  reminded  that  for  these  small  time  constants, 
the  error  due  to  the  system  response  is  higher  than  for  the 
long  time  constants,  therefore  the  values  at  high  T  are  less 
reliable.  It  is  obvious  that  the  experimental  values  cannot 
be  fitted  to  an  expression  of  the  form: 

T(r)  ^  _ 1 _ 

1  ♦  Aexp(— 

kT 

In  order  to  determine  an  activation  energy,  a  fit  of  the 
experimental  values  to  this  equation  for  T  >  120  K  was 
attempted,  but  no  satisfactory  fit  could  be  obtained.  Thus, 
even  at  high  T,  the  decay  time  does  not  follow  this  functional 
form,  indicating  that  more  complicated  nonradiative|mechanisms 
than  the  one  discussed  in  section  4.3.3  are  respohsible  for 
the  temperature  quenching.  It  is  pointed  out  1  that  the 
increase  in  t  with  increasing  T,  at  low  temperatures,  was  not 
observed  in  other  lifetime  studies  (Klein  [1990]).  1  Although 
the  lifetime  increased  with  T,  from  10  to  74  K,  the  initial 
signal  intensity  decreased,  indicating  that  the  excitation 
efficiency  decreased  with  increasing  T.  The  increase  in 


170 


lifetime  as  T  increases  is  difficult  to  understand.  One 
possible  explanation  is  that  there  might  be  an  additional 
excitation  path  that  can  be  thermally  activated.  This  new 
excitation  mechanism  must  be  much  slower  than  the  main 
mechanism.  The  presence  of  a  fast  and  a  slow  excitation 
process  will  result  in  apparently  longer  decay  times. 
However,  more  work  is  necessary  before  the  significance  of 
these  results  can  be  understood.  Also,  this  behavior  was  not 
observed  in  present  ion  implanted  samples,  therefore  it 
appears  to  be  characteristic  of  a  particular  Er  related 
center  present  in  current  MBE  sample.  In  light  of  these 
results,  it  would  be  worthwhile  to  measure  the  Er’*  decay 
originating  from  different  Er-related  centers  from  the  same 
sample.  Although  this  study  for  GaAs;Er  could  not  be  done  due 
to  the  weak  intensity  of  the  signal,  but  was  done  for 
AlojGa<,jAs ;  Er . 

Lifetime  measurements  were  also  performed  on  AlojGa(,jAs:Er 
having  an  Er  concentration  of  1.5  x  10'*/ cm’.  The  low 
temperature  PL  spectrum  of  this  sample  is  shown  in  figure  57, 
and  the  main  features  were  discussed  in  section  4.2.2.  Since 
this  sample  shows  the  strongest  Er’*  emissions,  much  narrower 
slit  openings  could  be  used  in  this  study,  and  thus  it  was 
possible  to  measure  the  decay  of  nine  different  emissions  from 
this  sample.  Figures  58  and  59  show  the  low  temperature  time 
decay  of  various  of  these  emissions,  all  of  which  were  fitted 
to  a  single  exponential  decay,  and  the  respective  fits  are 
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Figure  57  Low  temperature  PL  of  the  AlojGaojAs :  Er  sample  used 
in  the  temperature  dependent  lifetime  measurements 


2 


Intensity  (arb.  units) 


Figure  58  Low  temperature  time  decay  of  the  1.538,  1.544,  and 
1.549  nn  emissions  from  AlojCa^jAs :  Er 


Intensity  (arb. 


Figure  59  Low  temperature  time  decay  of  the  1.532,  1.562,  and 
1.565  fim  emissions  from  AlojCa^jAs :  Er 
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shown  as  solid  lines.  Note  that  the  emissions  studied  can  be 
divided  into  two  groups  having  time  constants  in  the  order  of 
1.1  msec  and  200  /xsec.  These  results  are  consistent  with  the 
results  from  previous  measurements  on  MBE-grown  Alo^sGciojjAsiEr 
(Benyattou  et  al.  [1990],  [1991])  which  showed  a  double 
exponential  decay  for  the  Er’*  emissions  with  time  constants 
of  1.2  msec  and  360  /isec.  In  that  particular  study,  the 
signal  was  not  dispersed  with  a  spectrometer,  instead  an 
interference  filter  with  a  bandpass  of  1.54  ±  .024  fim  was 
used.  Therefore,  the  observed  decay  corresponds  to  the  sum  of 
all  the  Er^*  emissions.  Our  results  show  that  the  1.538  /im 
emission  has  a  low  temperature  decay  time  constant  of 
1.28  msec,  while  the  1.565  nm  emissions  have  time  constants  of 
approximately  200  fisec.  In  addition,  two  of  the  other  1.54  fxm 
emissions  were  found  to  have  short  time  constants,  that  is, 
the  1.532  urn  doublet  and  the  peak  at  1.541  /xm  have  low  T  decay 
times  of  200  and  270  ^sec,  respectively.  It  should  be 
mentioned  that  the  result  for  the  1.541  /xm  peak  might  have 
been  influenced  by  the  1.538  and  1.544  /am  emissions,  which 
have  long  time  constants,  thus  giving  an  apparently  longer 
decay  time.  In  section  4.4.2,  a  correlation  between  the 
intensity  of  the  1.532  /xm  doublet  and  the  1.565  /xm  emissions 
was  noticed.  The  lifetime  measurements  results  confirm  that 
these  emissions  are  indeed  related.  However,  the  correlation 
between  the  1.541  /xm  and  the  1.565  /xm  emissions  is  not  as 
clear.  From  figure  57,  it  can  be  seen  that  the  1.541  /xm  peak 


175 


has  a  broader  linewidth  than  the  1.538  nm  emission  and  the 
other  peaks  with  long  time  constants,  and  has  a  broader 
linewidth  similar  to  that  of  the  1.565  /im  emission.  Thus  it 
seems  that  the  1.532  and  1.541  emissions  originate  from  the 
same  center  as  the  1.565  urn  emissions. 

The  decay  time  dependence  on  the  sample  temperature  was 
studied  for  six  different  emissions  from  AlojCao^AsrEr,  and  the 
results  are  listed  in  table  VI.  Also,  the  ratio  r{T)/T(0)  is 
plotted  as  a  function  of  1/T  is  plotted  in  figures  60  and  61. 
Figure  62  shows  the  decay  of  the  1.538  /im  emission  measured  at 
temperatures  of  10,  98,  and  173  K.  Although  it  is  less 
noticeable  at  low  temperatures,  the  time  decay  shows  an 
initial  fast  decay  component  at  all  temperatures.  At 
T  >  143  K,  in  figure  62,  the  fast  component  dominates  the 
decay,  and  this  is  clearly  shown  for  the  decay  at  173  K.  In 
this  case,  the  decay  is  clearly  fitted  to  a  double 
exponential,  as  shown  by  the  solid  line,  with  time  constants 
of  70  and  620  nsec.  The  nature  of  this  fast  component  of  the 
decay  is  not  understood  at  present.  The  fast  component 
observed  from  our  ion  implanted  samples  could  be  correlated 
with  a  bb  emission  underlying  the  Er’^  emissions.  However,  in 
the  present  case,  the  bb  emission  is  absent.  Recall  that 
Klein  et  al.  [1991]  observed  a  fast  component  in  ion  implanted 
GaAs:Er,  but  his  sample  did  not  show  the  bb  emission.  One 
possible  explanation  is  that  this  component  is  due  to  the 
presence  of  a  "hot"  line,  i.e.,  an  emission  originating  from 
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Table  VI 

Lifetimes  of  various  Er’*  emissions  from  Alo.jGao.jAs :  Er 
as  a  function  of  sample  temperature 


X  =  1. 

532  ^m 

X  =  1.538 

Hm 

X  *  1.541  urn 

T 

T 

T 

T 

T 

T 

(K) 

(fisec) 

(K) 

(fisec) 

(K) 

(nsec) 

9.5 

205 

12.3 

1275 

9 

188 

11.1 

204 

18.5 

1291 

10.4 

192 

18.5 

187 

28 

1278 

19.1 

197 

27.8 

203 

37.7 

1282 

28.7 

201 

38.4 

224 

47.4 

1256 

38.4 

207 

48.2 

244 

58.1 

1242 

47.9 

210 

57.9 

252 

67.8 

1240 

57.7 

206 

67.9 

253 

77.2 

1242 

67.5 

191 

77.5 

260 

87.2 

1242 

77.1 

167 

87.7 

402 

97.5 

1233 

87 

76 

107.5 

838 

114 

709 

97.4 

72 

143.2 

770 

107 

26 

173 

618 

192.9 

366 

X  =  1. 

544  /urn 

X  *  1 

.562  ^m 

X  =  1. 

565  m 

T 

T 

T 

T 

T 

T 

13.2 

1150 

9 

188 

9.7 

200 

18.5 

1139 

10.4 

192 

18.4 

204 

28.2 

1140 

19.1 

197 

28.1 

210 

37.8 

1136 

28.7 

201 

39 

212 

47.5 

1127 

38.4 

207 

48.8 

211 

57.2 

1129 

47.9 

210 

58.5 

206 

67 

1154 

57.7 

206 

68.4 

190 

77.5 

1187 

67.5 

191 

77.8 

163 

87.5 

1226 

77.1 

167 

87.5 

94 

97.5 

1204 

87 

76 

97.8 

31 

114.5 

1134 

97 

72 

107.5 

21.6 

129.2 

946 

107.1 

26 

144.3 

553 

158.9 

235 

173.5 

190 
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Figure  60  Lifetime  ratio  t(T)/t(0)  for  the  1.538  and  1.544  /xm 
emissions  for  the  MBE-grown  AIq sGao jAs :  Er  sample  as  a  function 
of  1/T 
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Figure  61  Lifetime  ratio  t(T)/t(0)  for 
1.562,  and  1.565  /xm  emissions  from  the  MBE 
sample  as  a  function  of  l/T 
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Figure  62  Time  decay  of  the  1.538  ^m  emission  from  MBE-grown 
Al,jGa«jAs :  Er  measured  at  sample  temperatures  of  10,  98,  and 
173  K 
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a  higher  3I  in  the  ^1,,^  multiplet,  at  nearly  the  same 
position.  This  "hot”  line  would  originate  from  a  different 
luminescent  center  whose  emissions  have  a  much  shorter 
lifetime.  It  is  also  possible  that  the  fast  component  is  due 
to  the  particular  excitation  and  de-excitation  mechanism  of 
the  4f  shell.  At  present,  there  is  no  kinetic  model  which 
accounts  for  this  effect.  For  T  =  10  and  98  K,  the  solid 
lines  shown  in  figure  62  indicate  a  single  exponential  fit  to 
the  slow  component  of  the  decay,  with  respective  time 
constants  of  1.26  and  1.23  msec.  This  long  component  of  the 
decay  remains  as  a  single  exponential  independent  of  T,  and 
the  lifetime  is  basically  constant  up  to  T  =  90  K.  At  higher 
temperatures  it  decreases  very  quickly. 

From  table  VI  and  figure  6C,  it  can  be  seen  that  the 
lifetime  of  the  1.544  ^m  peak  as  a  function  of  temperature 
behaves  differently  compared  to  the  1.538  /xm  emission.  As  T 
was  increased  from  13  to  »  60  K,  the  decay  time  decreased  so 
slightly  that  it  can  be  considered  constant  in  this  range. 
However,  for  T  >  60  K,  the  decay  time  increased  with 
increasing  T,  reaching  a  maximum  around  90  K.  Then  at 
T  >  115  K,  it  decreased  very  rapidly  with  increasing 
temperature.  At  T  =  173.5  K  the  decay  time  of  the  1.544  fixa 
emission  was  only  190  /xsec,  compared  to  approximately  600  /xser 
for  the  1.538  fim  emission.  This  drastic  difference  in  the 
kinetics  of  these  two  peaks  indicates  that  they  originate  from 
different  luminescent  centers.  The  behavior  of  the  1.544  /xm 
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peak  is  similar  to  that  observed  in  MBE-grown  GaAsrEr.  Figure 
63  shows  the  decay  of  the  1.565  nm  emission  at  T  =  10,  49,  88, 
and  100  K.  Although  the  decay  shows  again  an  initial  fast 
component  it  might  be  mostly  due  to  the  system's  response, 
because  the  time  scale  in  this  case  is  much  smaller  than  in 
the  previous  cases.  The  slow  component  appears  to  be  a  single 
exponential,  independent  of  the  sample  temperature.  In  figure 
61  the  ratios  t(T)/t(0)  for  the  1.532,  1.541,  1.562  ^m  and 
1.565  peaks  are  plotted  as  a  function  of  1/T.  As  mentioned 
above,  all  these  emissions  have  low  temperature  time  constants 
of  roughly  200  nsec.  The  lifetimes  of  the  1.562  and  1.565  /im 
emissions  show  the  same  behavior  as  a  function  of  temperature. 
For  T  <  48  K,  the  lifetime  increases  slightly  with  increasing 
temperature.  However,  at  higher  temperatures,  it  starts  to 
decrease  slowly,  and  then  for  T  >  77  K,  the  time  constant 
decreases  rapidly  with  increasing  T.  On  the  other  hand,  the 
1.532  and  1.541  /im  emissions  show  a  very  interesting  behavior. 
As  T  increases,  the  decay  time  of  the  1.541  /im  peak  increases 
dramatically,  i.e.,  at  T  =  108  K,  the  decay  time  increased 
threefold  from  the  low  temperature  value.  A  similar 

phenomenon  was  observed  for  the  1.532  /xm  doublet.  As  shown  in 
figure  64,  at  higher  temperature  the  decay  changes  into  a 
single  exponential  decay,  and  the  decay  is  mostly  dominated  by 
the  long  time  component.  In  order  to  understand  this 
behavior,  it  is  useful  to  look  at  the  temperature  dependence 
of  the  PL  spectra  shown  in  figures  65  to  67. 
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Figure  63  Time  decay  of  the  1.565  nm  emission  from  MBE-grown 
AlojGaojAs : Er  measured  at  10,  49,  88,  and  100  K 
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Figure  65  Photoluminescence  of  MBE  grovm  AlojCeuAsrEr 
T  -  10,  15,  20,  25,  and  30  K 
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Figure  66  Photoluminescence  of  MBE  grown  AlojGaojAs :  Er  measured 
at  T  =  30,  40,  60,  80,  and  100  K 
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As  can  be  seen  from  figures  65  and  66,  the  intensities  of 
both  sets  of  emissions  near  1.540  and  1.565  urn  decreased 
gradually  roughly  at  the  same  rate  as  T  increased  from  10  to 
60  K.  However,  at  a  higher  temperature,  the  intensity  of  the 
1.565  urn  emission  quenches  quickly  with  increasing 
temperature.  For  instance,  upon  increasing  the  temperature 
from  60  to  80  K,  the  intensity  of  the  1.565  /xro  emissions 
decreased  by  more  than  50%,  while  the  intensity  of  the 
1.538  nm  emission  decreased  by  less  than  20%.  An  even  more 
drastic  difference  can  be  observed  at  100  K,  and  at  T  >  100  K, 
the  1.565  fixa  emissions  are  completely  quenched. 

The  1.532  and  1.541  /xm  peaks  seem  to  follow  the  same  trend 
as  the  1.565  urn  emissions  rather  than  the  1.538  nm  emission. 
However,  note  that  the  1.532  /xm  peak  shows  a  weak  shoulder 
emission  on  its  low  energy  side.  The  intensity  of  this 
shoi  Ider  emission  decreases  much  slower  than  that  of  the 
1.532  /xm  emission,  similar  to  the  1.538  fjim  emission.  At 
T  >  60  K,  both  emissions  gradually  become  of  comparable 
strengths.  Thus,  it  is  reasonable  to  assume  that  this 
shoulder  emission  is  responsible  for  the  long  decay  time 
component  in  figure  64  at  high  T.  This  is  especially  true 
since  the  lifetime  measurements  were  done  using  wider  slit 
openings  than  those  used  in  PL  measurements  shown  in  figures 
65  and  66,  and  thus  have  lower  resolution.  At  low  T,  the 
intensity  of  this  shoulder  emission  is  much  weaker  than  that 
of  the  1.532  fim  emission.  Therefore,  the  decay  will  be  mostly 
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a  single  exponential  with  a  short  time  constant  corresponding 
to  the  decay  time  of  the  1.532  M®  emission.  A  similar 
argument  can  be  applied  to  the  longer  decay  time  observed  for 
the  1.541  M®  emission  with  increasing  temperature.  Note  that 
at  high  T  the  intensity  of  this  peak  decreases  very  quickly, 
and  it  appears  only  as  a  shoulder  on  the  1.538  fim  emission 
peak. 

In  order  to  conclude  the  discussion  on  the  temperature 
dependence  of  the  PL  of  AlojGaojAs:Er,  consider  the  PL  results 
shown  in  figure  67,  which  were  measured  at  T  =  165,  200,  250, 
and  300  K.  At  these  high  temperatures,  the  emissions  are  much 
weaker,  and  it  was  necessary  to  use  lower  resolution. 
Although  some  peaks  can  be  seen  on  the  lower  energy  side  of 
the  1.538  nm  peak,  the  1.565  nm  emissions  are  completely 
quenched.  Note  that  the  1.538  /xm  emission  retains  its 
sharpness  even  at  300  K.  The  apparent  broadening  observed  in 
the  spectra  is  mostly  due  to  the  poor  resolution.  Also,  there 
is  no  shift  of  the  peak  position  as  the  sample  temperature 
increases,  which  is  an  indication  of  the  atomic  nature  of 
these  emissions. 

4.4.4  Excitation  Measurements 

Figure  68  shows  the  selective  excitation  spectrum  of  the 
1.54  jum  emission  from  MBE-grown  GaAs:Er,  and  this  was  obtained 
by  setting  the  spectrometer  at  1.54  jum,  while  scanning  the 
laser  excitation  energy.  From  1.74  to  approximately  1.47  eV, 
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Figure  67  Photoluminescence  of  MBE-grown  AlojCa^jAs :  Er  measured 
at  T  =  165,  200,  250,  and  300  K 
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Figure  68  Selective  excitatior 
emission  from  MBE-grown  GeiAsxEr  w; 
from  1.74  to  1.24  eV 


# 


the  Ti-sapphire  power  output  was  same  as  shown  in  figure  22, 
while  from  1.47  to  1.25  eV,  the  excitation  power  varied  from 
100  to  70  mW.  As  shown  in  figure  68,  the  second  part  of  the 
selective  excitation  spectriun  was  magnified  by  a  factor  of  4. 
When  the  excitation  laser  energy  decreases  from  1.72  to  1.52 
eV,  the  signal  strength  decreases.  However,  this  is  mainly 
due  to  the  decrease  in  the  excitation  power.  Decreasing  the 
laser  excitation  energy  below  1.519  eV  results  in  a  very  sharp 
decrease  in  the  signal  intensity.  Although  it  is  hard  to 
notice  from  the  figure  because  of  the  wide  energy  scale  used 
in  the  plot,  there  is  a  sharp  excitation  peak  centered  at 
1.514  eV.  Recall  that  the  selective  excitation  spectra  of  the 
1.538  /im  emission  from  ion  implanted  p-type  and  SI-GaAs:Er 
samples  showed  a  sharp  excitation  peak  at  1.512  eV,  as  shown 

I 

I 

in  figures  21  and  26,  respectively.  In  the  present  case,  the 

I 

I 

1.514  eV  peak  is  much  sharper  due  probably  to  the  fact  that 
narrower  slit  ^bpenings  were  used  to  record  the  spectrum  shown 
in  figure  68  ■Lhan  that  used  to  record  the  spectra  shown  in 
figures  21  and  26.  In  section  4.2.4,  the  1.512  eV  excitation 
peak  observed  for  the  ion  implanted  sample  was  interpreted  as 
due  to  the  capture  of  free  excitons  by  an  Er-related  trap.  It 
is  reasonable  to  assume  that  in  the  present  case,  the  1.514  eV 
excitation  peak  has  the  same  origin. 

In  section  4.2.1,  it  was  noted  that  the  strong  Er^"^ 
emissions  observed  from  the  ion  implanted  samples  with  the 
below-bandgap  laser  excitation  could  be  correlated  with  the 
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presence  of  a  particular  group  of  emissions  labeled  as  C2 
emissions,  i.e.,  peaks  D,  C,  and  F  in  figures  15,  16,  and  17. 
These  emissions  are  not  observed  for  the  MBE  samples,  as  can 
be  seen  from  the  emission  spectra  shown  in  figure  69.  Note 
that  in  both  the  above-  and  below-bandgap  laser  "'xcitations, 
the  spectra  are  dominated  by  a  doublet  with  peaks  at  1.5403 
and  1.5419  ^m.  The  absence  of  these  C2  emissions  can  be 
correlated  to  why  the  signal  strength  decreases  very  rapidly 
as  the  laser  excitation  energy  is  decreased  below  1.519  eV  in 
the  selective  excitation  spectrum  shown  in  figure  68.  That 
is,  strong  Er^"^  emissions  with  below-bandgap  excitation  have 
been  observed  only  from  the  samples  showing  the  C2  emissions. 

i 

In  figure  68,  four | very  weak  sharp  excitation  peaks  are 

1 

observed  between  1.3  and  1.24  eV  laser  excitation.  These 
could  be  due  to  resonaht  excitation  of  the  4f-shell  from  the 

j 

ground  state  to  the  ^,^2  excited  state,  but  the  intensity  is 
very  weak.  Thus  it  may  be  concluded  that  the  direct 
excitation  of  the  4f-shell  to  the  *1,,^  state  does  not  become  a 
significant  process  in  the  excitation  mechanism  of  the  1.54  nm 
emissions.  Thefore,  the  main  excitation  process  is  still  the 
model  proposed  in  section  4.2.4.  The  main  difference  between 
the  selective  excitation  spectra  of  the  main  Er*"^  emission 
from  ion  implanted  samples  and  that  of  the  MBE  sample  is  that 
the  1.54  nm  emission  with  the  below-bandgap  excitation  of  is 
much  less  efficient  for  the  MBE  sample.  However,  there  is 
still  a  broad  excitation  band  for  the  MBE  samples  which 
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Figiire  69  Photoluminescence  spectra  of  MBE-grown  GaAs;Er 
obtained  with  above-  and  below-bandgap  laser  excitation  of 
2.54  and  1.4377  eV,  respectively 
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extends  from  the  laser  excitation  energies  near  1.51  eV  to 
below  1.24  eV.  In  addition,  the  intensity  of  1.54  }xm 
emissions  from  the  MBE  samples  showed  the  same  sublinear 
dependence  on  the  excitation  power  as  those  from  the  ion 
implanted  samples,  thus  suggesting  that  a  similar  mechanism  is 
responsible  for  the  losses  in  the  excitation  process  for  both 
the  ion- implanted  and  MBE-grown  samples. 
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4.5  Oxygen  Co-doping 

4.5.1  Introduction 

Currently,  the  nature  of  the  luminescent  centers  giving 
rise  to  the  1.54  ^m  emissions  is  not  well  understood.  The 
results  discussed  so  far  have  pointed  out  that  Er  tends  to 
form  multiple  types  of  centers  in  III-V  semiconductors. 
Therefore,  it  is  expected  that  it  may  react  with  any  other 
impurities  present  in  the  material,  thus  forming  various  types 
of  compler.es.  In  particular,  it  is  known  that  RE  elements 
have  strong  affinity  for  oxygen.  In  a  theoretical  paper  by 
Auzel  et  al.  [1989]  it  was  suggested  that  in  III-V 
semiconductors  Er  is  introduced  with  some  oxygen  impurity, 
leading  to  ionic  bonding.  As  a  basis  for  their  assertion 
these  authors  used  the  results  published  previously  by  Ennen 
et  al.  [1985]  on  the  luminescence  from  MBE  GaAsrEr.  Auzel  et 
al.  argued  that  in  Er-doped  III-V  semiconductors  the  Stark 
splitting  of  the  ^1,3,2  state  is  much  larger  than  expected  for 

covalent  bonding.  It  should  be  pointed^out  this  large  crystal 

1 

field  splitting  mentioned  by  Auzel  l^t  al.  has  not  been 
observed  by  other  researchers  nor  was  iit  observed  in  current 
ion  implanted  or  MBE  samples,  but  this  idea  of  an  Er-0  complex 
seemed  to  agree  with  the  results  obtained  by  Favennec  et  al. 
[1989],  who  studied  the  cathodoluminescenLe  from  GaAsiEr  under 
an  electron  microscope  and  found  that  the  4f  lumine'cence  did 
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not  originate  homogeneously  from  the  sample,  but  instead  that 
the  sample  surface  showed  a  series  of  bright  and  dark  spots. 
In  order  to  explain  this  result,  it  was  suggested  that  Er  was 
incorporated  into  GaAs  as  microparticles,  most  probably  with 
0  as  a  component.  There  have  been  other  suggestions  of  an  Er- 
O  complex  in  III-V  semiconductors.  For  example,  Galtier  et 
al.  [1989]  concluded  that  in  their  MBE  samples  the  Er*"^ 
emissions  from  AlGaAs  are  stronger  than  those  from  GaAs  due  to 
the  presence  of  oxygen  in  the  AlGaAs  samples.  If  these  ideas 
are  right,  then  it  is  to  be  expected  that  oxygen  co-doping 
will  result  in  the  enhancement  of  the  4f  emissions.  In  fact, 
it  has  been  found  that  the  addition  of  certain  impurities, 
such  as  O,  enhanced  the  Er*"*^  emissions  from  Si:Er  (Favennec  et 
al.  [1990]  and  Benton  et  al.  [1991]).  Furthermore,  without 
the  presence  of  these  impurities,  very  weak  or  no  Er 
luminescence  was  observed  in  Si  (Benton  et  al.  [1991]). 

In  order  to  test  whether  Er  is  incorporated  in  the  form  of 
oxygen  complexes  and  if  the  4f  luminescence  originates  from 
these  Er-0  complexes,  we  studied  the  low  temperature  PL  of 
GaAs  and  AlGaAs  co-iroplanted  with  O  and  Er.  In  addition, 
oxygen  was  also  implanted  into  MBE  grown  AlGaAs :Er  samples. 
In  the  preliminary  stage  of  this  study,  two  criteria  were  used 
to  select  the  0  implantation  energy  and  doses;  (i)  to  have  a 
maximum  overlap  between  the  0  and  Er  implantation  profiles; 
and  (ii)  to  try  different  ratios  of  the  0  to  Er 
concentrations.  An  implantation  energy  of  110  keV  was  used 
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for  oxygen  implantation  to  obtain  a  maximum  overlap  profile 
with  the  Er  implanted  at  1  MeV.  The  doses  of  O  were  selected 
such  that  the  peak  oxygen  concentration  was  approximately 
half,  the  same,  and  five  times  that  of  the  peak  Er 
concentration.  In  this  initial  stage  of  the  study,  oxygen  was 
implanted  into  n~,  and  p-  type  GaAs  and  Al,Ga,.jjAs  samples  with 
X  =  0.2,  0.4,  which  were  previously  implanted  with  Er  with  a 
dose  of  5  X  lo'^/cm^  at  1  MeV.  Oxygen  was  also  implanted  into 
SI,  n-,  and  p-type  GaAs  samples  that  were  previously  implanted 
with  an  Er  dose  of  1  x  10*^/cm*  at  1  MeV.  The  doses  of  oxygen 
used  were  4.9  x  lo'^,  8.5  x  lO’^,  and  4.5  x  10‘^/cm^  for  the 
samples  implanted  with  an  Er  dose  of  5  x  10”/cm^,  and 
5.3  X  10*^,  1.7  X  10*^,  and  3.4  x  10*^/cm^  for  the  samples 
implanted  with  an  Er  dose  of  1  x  10*^/cm^.  Based  on  the 
results  from  the  preliminary  study,  it  was  decided  to  include 
the  oxygen  doses  of  10‘^,  lO”,  and  lO'Vcm^* 

4.5.2  Luminescence  of  GaAs:  (Er-f-O) . 

The  results  from  the  preliminary  study  indicated  that  0  co¬ 
implantation  into  GaAs:Er  did  not  enhance  the  Er^"*"  emissions, 
and  the  results  are  illustrated  in  figures  70  and  71,  which 
show  the  low  temperature  PL  from  the  SI  and  n-type  GaAs:  (Er+0) 
samples,  and  the  0  dose  used  is  shown  next  to  each  spectrum, 
and  the  arrows  on  the  left  axis  indicate  the  zero  luminescence 
line  of  each  spectrum.  All  spectra  shown  in  these  figures 
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Figure  70  Photoluminescence  emission  spectra  of  SI- 
GaAs: (Er+0)  for  various  0  doses  implanted  at  an  energy  of 
110  keV 
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Figure  71  Photo luminescence  emission  spectra  of  n- 
GaAs: (Er+0)  at  various  O  doses  implanted  at  an  energy  of  a 
110  keV 


were  taken  using  wide  slit  openings  of  1000  and  2000  fim  for 
the  entrance  and  exit  slits,  respectively,  because  of  the  low 
intensity  of  the  emissions  near  1.54  /im  from  these  samples. 
The  samples  were  first  implanted  with  an  Er  dose  of 
1  X  10‘^/cm*  at  1  MeV,  followed  by  the  O  implantc  ;ion  at  an 
energy  of  110  keV  and  then  annealing  at  750  ®C  for  15  seconds 
using  the  RTA  method.  Among  the  SI-GeiAs  samples,  the  control 
sample  implanted  with  Er  but  not  implanted  with  O  showed  the 
most  intense  Er^"^  emissions,  as  shown  in  figure  70.  The  PL 
intensity  of  the  Er^^  emissions  decreased  at  least  threefold 
upon  O  co-implantation  at  the  lowest  O  dose  of  5.35  x  lo'^/cm^. 
At  a  higher  O  dose,  the  PL  intensity  increased  approximately 
twofold  compared  to  that  of  the  sample  co-implanted  with  the 
lowest  0  dose,  but  it  decreased  again  at  the  highest  0  dose  of 
3.4  X  10‘^/cm^.  For  the  n-type  samples,  the  PL  intensity  also 
decreased  upon  co-doping  with  the  lowest  O  dose  as  shown  in 
figure  71.  As  the  0  dose  was  increased  to  3.4  x  10”/cm^  the 
intensity  increased  to  approximately  the  same  strength  as  that 
in  the  control  sample.  Similar  results  were  obtained  for  the 
p-type  samples . 


4.5.3  Luminescence  of  AlGaAs:  (Er-f-O) 

In  contrast  to  the  results  discussed  above,  it  has  been 
consistently  observed  that  the  4f  emissions  from  ion  implanted 
Al,Ga,.,As  are  enhance  upon  oxygen  co-implantation  at  an  energy 
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of  110  keV.  A  preliminary  study  involved  oxygen  implantation 
into  samples  of  Al,Ga,.^s:Er  with  x  =  0.2  and  0.4,  and  the 
results  of  the  low  temperature  PL  from  these  samples  are  shown 
in  figures  72  and  73.  The  Er  dose  used  was  5  x  10‘^/cm^,  and 
all  the  samples  were  annealed  at  750  “C  using  RTA  following  O 
implantation.  As  shown  in  figure  72,  oxygen  implantation  at 
a  dose  of  4.2  x  10‘^/cm^  resulted  in  an  twofold  increase  in  the 
PL  intensity  of  the  main  Er**  emissions  from  that  of  the 
AlojGeiojAs : Er  sample.  Also,  the  PL  emission  spectrum  of  the  cO“ 
doped  sample  shows  some  new  peaks  that  are  not  seen  in  the 
control  sample.  As  the  oxygen  dose  increases,  the  Er^"^ 
emissions  become  stronger,  and  the  strongest  Er**  emissions 
were  observed  for  the  sample  implanted  with  the  highest  O  dose 
of  4.25  X  lo'^/cm^.  In  that  case,  the  PL  intensity  of  the  main 
Er^"^  emission  at  1.5375  (ivx  increased  approximately  by  a  factor 
of  3.5  compared  to  that  of  the  control  sample.  The  same  trend 
was  observed  for  the  x  =  0.4  samples  as  can  be  seen  from 
figure  73.  For  these  samples,  the  PL  intensity  of  the 
1.5375  /xm  emission  was  approximately  five  times  stronger  after 
O  implantation  at  4.25  x  10‘^/cm^. 

Further  studies  of  Er  and  O  co- implantation  into  Al,Ga,.,As 
with  X  =  0.1,  0.2,  0.3,  and  0.4  yielded  very  similar  results 
to  those  discussed  above.  As  the  0  dose  increased,  the 
intensity  of  the  main  Er*"^  emission  increased  by  a  factor  of 
ten  in  the  best  case  (for  x  =  0.1).  Figures  74  to  77  show  the 
low  temperature  PL  from  the  Al,Ga,.^s  samples  with  x  =  0.1, 
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Figure  72  Photoliunlnescence  emission  spectra  of 
AlojGaotAs:  (Er+O)  for  various  O  doses  implanted  at  an 
energy  of  110  keV 
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Figure  74  Photoluminescence  of  Al«.|Gao.,As :  (Er+0)  for  O  doses 
of  10**,  10*^,  and  10‘*/cm*  implanted  at  ilO  keV 
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Figure  75  Photoluininescence  of  AlojGaojAs:  {Er,0)  for  O 
doses  of  lo'^,  lO'*,  and  10‘*/cin^  implanted  at  110  keV 
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0.2,  0.3,  and  0.4  co-implanted  with  Er  at  1  MeV  with  a  dose  of 
5  X  lO'^/cm*  and  with  0  at  110  keV  with  doses  of  lO'^/cm^, 
10”/cin*,  and  10‘Vcin^.  All  the  samples  shown  were  annealed  at 
750  ®C  for  15  seconds  using  the  RTA  method.  Table  VII  lists 
the  wavelengths  of  the  emission  peaks  marked  with  letters  in 
the  figures.  The  results  showed  a  slight  PL  intensity 
dependence  on  the  aluminum  mole  fraction. 

Oxygen  implantation  at  a  low  dose  of  10’*/cm^  resulted  in  an 
increase  in  the  PL  intensity  of  the  Er^"^  emissions  by  a  factor 
of  four  for  the  x  =  0.1  sample  shown  in  figure  74,  and  a 
threefold  increase  in  the  emission  intensity  for  the  x  =  0.2 
sample,  as  shown  in  figure  75.  However,  note  that  not  all 
peaks  were  enhanced  by  the  same  factor.  As  a  result,  the 
relative  intensities  among  different  peaks  changed  after 
oxygen  co- implantation.  For  both  sets  of  samples,  with 
X  =  0.1  and  0.2,  oxygen  implantation  at  a  higher  dose  of 
10”/cm*  resulted  in  stronger  4f  emissions  along  with  further 
changes  in  relative  intensities  among  different  peaks.  Also, 
in  both  cases,  the  samples  implanted  with  the  highest  0  dose 
of  10‘*/cm^  showed  the  strongest  Er’*  emissions.  However,  only 
the  peak  ap  1.5375  nm  was  strongly  enhanced  while  the 
intensities  W  other  peaks  actually  were  decreased. 

The  X  =  0.13  and  0.4  samples  showed  a  strong  enhancement  of 
the  Er’*  emissions  after  0  co-implantation  at  lO”  and  lo‘*/cm^, 
while  O  implantation  at  the  lowest  dose  of  lo‘^/cm^  did  not 
change  both  the  emission  intensity  and  spectrum  significantly. 
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Table  VH 


Main 

emissions  from  Al.Ga,.^ 

s: (Er,0) 

Peak 

Wavelength  (nm) 

Energy  (eV) 

A 

1536 

0.8071 

B 

1537 

0.8664 

C 

1539 

0.8055 

D 

1541 

0.8046 

E 

1546 

0.8020 

F 

1549 

0.8006 

G 

1553 

0.7983 

H 

1556 

0.7969 

I 

1558 

0.7958 

These  results  are  shown  in  figures  76  and  77.  A  comparison  of 
figures  74  to  77  shows  that  O  co-implantation  at  10”  and 
lO'Vcm*  resulted  in  slightly  different  relative  intensities 
among  the  various  peaks  and  different  emission  peaks  depending 
on  the  value  of  x.  However,  the  PL  spectra  of  the  samples  co¬ 
implanted  with  O  at  10”/cm’  show  the  same  emission  peaks  and 
basically  the  same  relative  intensities  among  different  peaks, 
independent  of  the  aluminum  concentration.  Therefore,  it 
seems  that  at  low  O  doses,  the  PL  is  dominated  by  various 
emissions  originating  from  different  luminescent  centers  whose 
concentrations  are  sample  dependent.  On  the  other  hand,  the 
emission  spectra  from  the  co-doped  samples  at  high  0 
concentrations  are  dominated  by  an  Er-0  complex  formed  upon 
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co-doping.  This  can  be  understood  by  noting  that  the 
probability  of  an  Er  ion  encountering  an  0  ion  is  much  lower 
in  the  samples  with  low  O  concentrations,  while  the  forination 
of  Er  and  0  complexes  is  more  probable  in  samples  implanted 
with  the  high  0  doses. 

Oxygen  and  Er  were  also  co-implanted  into  different 
conductivity  (SI-,  n,  and  p-type)  Alo.29Gao7,As  samples,  and  the 
results  of  the  PL  spectra  for  these  samples  are  shown  in 
figures  78  to  80.  Basically,  the  same  trend  of  PL  spectra  was 
observed  as  a  function  of  O  dose,  independent  of  the  substrate 
conductivity.  Although  the  emission  spectra  of  the  samples 
co-implanted  with  oxygen  at  lO'Vcm’  varied  slightly  for  each 
sample,  these  samples  essentially  showed  the  same  emission 
spectra  as  the  corresponding  control  sample  without  oxygen 
implantation,  however,  at  higher  0  doses  each  emission 
spectrum  changed  significantly  from  that  of  each  control 
sample.  In  spite  of  that,  the  emission  spectra  obtained  for 
0  doses  of  10‘*  and  lO'Vcm^  are  all  identical  except  for  the  PL 
intensity  for  all  three  different  conductivity  Al^Gai.^^s 
samples.  Since  the  results  are  the  same  in  all  three  cases, 
only  the  samples  of  SI  substrate,  which  are  shown  in  figure 
78,  will  be  discussed.  As  in  the  previous  cases,  the  addition 
of  oxygen  resulted  in  the  creation  of  new  peaks  as  well  as 
changes  in  the  relative  intensities  among  various  peaks. 
Although  the  sample  implanted  at  the  lowest  O  dose  of  10‘’/cra^ 
did  not  show  much  change  in  the  PL  intensity  of  the  Er^"^ 
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Figure  78  Photoluminescence  of  SI-Al,.3,Gao.„As:  (Er+0)  for 
various  O  doses  implanted  at  110  keV 


emissions  from  that  of  only  Er-doped  control  sample,  the 
relative  intensity  of  each  peak  was  changed.  For  instance, 
the  strongest  emission  from  the  co-doped  sample  is  at 
1.5406  /xm,  while  in  the  control  sample  the  strongest  peak  is 
at  1.5375  urn.  For  the  sample  implanted  with  O  at  lo'^/cm^,  the 
main  emission  at  1.5388  /xm  is  approximately  2.5  times  '■Wronger 
than  the  main  emission  at  1.5375  /xm  from  the  control  sample. 
Oxygen  implantation  at  a  dose  of  10”/cm^  resulted  in  further 
enhancement  of  the  1.5375  /xm  emission.  Its  intensity  is 
approximately  3.5  times  stronger  than  that  in  the  control 
sample. 

In  order  to  study  the  PL  dependence  on  the  Er 
concentration,  oxygen  was  also  implanted  into  Al.Ga,.^s 
(X  0.1  and  0.3)  samples  that  were  implanted  with  Er  at  a 
dose  of  1  X  10‘^/cm*.  Since  the  Er  concentration  was  five 
times  smaller  than  that  in  the  previous  cases,  it  was  expected 
that  the  strongest  Er  emissions  would  be  achieved  at  smaller 
O  doses.  Figure  81  shows  the  PL  spectra  for  the  x  =  0.3 
samples  and  the  peaks  are  identified  using  the  same  symbols 
listed  on  Table  VII.  As  in  the  previous  cases  of  higher  Er 
concentrations,  implantation  of  0  at  10‘^/cm*  resulted  in  very 
little  enhancement  of  the  Er  emissions.  However,  the  sample 
implanted  with  an  0  dose  of  10”/cm*  showed  very  strong 
enhancement  of  the  Er^"^  emissions,  and  the  spectra  showed 
basically  the  same  emissions  that  are  observed  for  the  samples 
implanted  at  an  O  dose  of  10‘*/cm*  and  an  Er  dose  of 
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Intensity  (arb.  units) 


5  X  10‘^/cin^,  except  for  the  absence  of  peak  I  at  1.558  fita. 
Increasing  the  0  dose  to  did  not  result  in  the 

increase  of  the  intensity  of  the  main  Er^'*'  emissions  any 
further,  while  the  intensity  of  the  secondary  peaks  rather 
decreased.  It  seems  that  for  an  Er  dose  of  10‘^/cm^,  the 
optimum  O  dose  is  between  10*^  and  10”/cm*.  As  shown  in  figure 
82,  similar  results  were  obtained  for  the  x  =  O.l  samples. 
For  these  samples,  the  intensity  of  the  Er^*^  emissions 
increased  by  a  small  factor  when  co-implanting  O  at  the  lowest 
dose.  Upon  increasing  further  the  0  dose  to  lO'^  and  10‘*/cm^, 
the  PL  intensity  increased  by  a  factor  of  two.  Comparing 
figure  81  with  figure  82,  it  can  be  seen  that  the  PL  spectra 
for  the  X  =  0.1  and  0.3  samples  implanted  with  0  at  10‘^/cm^ 
are  very  similar,  thus  suggesting  the  presence  of  the  same 
type  of  complexes  in  both  samples.  Also,  it  can  be  seen  that 
for  the  samples  implanted  with  O  at  10‘*/cm^  the  ratio  between 
the  intensity  of  the  main  emission  peak  at  1.5375  fim  (peak  B) 
and  that  of  peaks  D,  E,  F,  G,  H,  and  I  changed,  thus 
suggesting  that  these  emissions  originate  from  a  different 
luminescent  center  than  peak  B.  Clearly,  for  the  x  =  C.l 

samples,  the  optimum  0  dose  is  smaller  than  10‘*/cm*,  but 
possibly  slightly  greater  than  10”/cm*. 

4.5.4  Temperature  Dependence 

Temperature  dependent  photoluminescence  experiments  on 
Alo,29Gao7,As;  (Er+0)  were  also  carried  out.  The  samples  used 
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were  implanted  with  an  Er  dose  of  5  x  10*^/ cm^  at  1  MeV  and 
with  an  O  dose  of  10“/cm^  at  110  keV  followed  by  annealing  at 
750  "C  for  15  sec.  The  PL  intensity  of  the  Er’*  emissions 
decreases  with  increasing  sample  temperature  as  shown  in 
figures  83,  84,  and  85.  However,  sharp  Er^"^  emissions  can  be 
seen  even  at  room  temperature,  as  shown  in  figure  86.  As  can 
be  seen  from  figure  83,  at  T  ^  60  K  peak  C  cannot  be 
distinguished  clearly,  and  the  main  emission  peak  at  1.5375  nm 
has  a  broader  linewidth,  which  is  possibly  due  to  fact  that 
the  observed  peak  is  really  a  convolution  of  peaks  B  and  C. 
The  temperature  dependence  of  peak  E  is  different  from  that  of 
the  other  emission  peaks,  i.e.,  as  T  increases  from  20  to 
125  K  its  intensity  increases  slightly,  thus  suggesting  that 
this  peak  might  be  a  "hot  line",  i.e.,  it  is  probably  due  to 
a  transition  from  a  higher  level  in  the  *1,3^  multiplet.  New 

I 

"hot  lines"  can  also  be  seen  at  T  86  K  such  as  the  peaks 
labeled  hi,  h2,  and  h3  in  figure  84.  Although  in  figure  86 
the  Er’*  emissions  seem  to  have  a  broad sr  linewidth,  this  is 
due  to  the  fact  that  this  spectrum  was  recorded  using  wider 
slit  openings  than  those  used  in  figures  83  to  85.  The 
spectra  of  the  control  samples  is  not  shown  in  the  figures, 
but  it  was  observed  that  the  integrated  intensity  of  the  Er’* 
from  the  co-doped  samples  decreased  with  increasing  T  at 
approximately  the  same  rate  as  the  Er’*  emissions  from  the 
sample  implanted  with  only  Er.  However,  the  emissions  from 
the  control  sample  were  much  weaker  than  those  from  the  co- 
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Figiire  86  Room  temperature  photoluminescence  from  SI- 
Alo.29Gao.7,As :  (Er+0)  implanted  with  Er  at  1  MeV  with  a  dose 
of  5  X  10‘^/cm^  and  with  0  at  llO  keV  with  a  dose  of 

lO'Vcm^ 


doped  sample  and  could  not  be  monitored  at  T  >  225  K.  For 
both  the  control  and  the  co-doped  samples  the  integrated 
intensity  did  not  follow  a  simple  trend  and  could  not  be 
fitted  even  with  two  activation  energies. 

4.5.5  Annealing  Behavior 

The  low  temperature  PL  of  Alo}Gao7As  co-implanted  with  Er  at  1 
MeV  with  a  dose  of  5  x  10‘Vcm^  and  with  0  at  110  keV  with  a 
dose  of  10'’/cm^  was  studied  as  a  function  of  annealing 
temperature.  It  is  interesting  to  compare  the  annealing 
behavior  of  the  co-doped  samples  with  the  samples  without 
oxygen  doping.  Figure  87  shows  the  PL  spectra  of  AlGaAs:Er 
samples  annealed  at  750  and  850  °C  for  15  sec  and 
AlGaAs; (Er+0)  samples  annealed  at  750,  800,  and  850  ®C.  The 
PL  of  the  sample  with  no  oxygen  doping  but  annealed  at  750  ®C 
is  dominated  by  a  main  peak  near  1.537  ^tm.  However,  the 
sample  annealed  at  850  °C  does  not  show  this  peak  or  it  is 
very  weak  at  best,  but  instead  the  emission  spectrum  is 
dominated  by  another  peak  near  1.54  fxm.  As  discussed  in 
section  4.1,  this  annealing  behavior  is  typical  of  '  the 
AlGaAs :Er  and  GaAs:Er  samples.  On  the  other  hand,  samples  co¬ 
doped  with  oxygen  showed  stronger  Er’*  emissions  as  the 
annealing  temperature  was  increased  from  700  to  850  ”C.  The 
sample  annealed  at  700  ®C  showed  very  weak  emissions  (not 
shown  in  the  figure)  ,  but  as  the  annealing  temperature 
increased  to  750  °C,  the  intensity  increased  at  least  by  a 
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Figura  87  Photoluininescence  dependence  on  annealing 
temperature  for  AlojGao,,As :  Er  and  AlojGao^s:  (Er+0) 
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factor  of  10.  Furthermore,  the  PL  intensity  of  the  main  peak 
near  1.5375  /x®  increased  drastically  as  the  annealing 
temperature  increased  to  850  °C.  However,  note  that  not  all 
the  peaks  were  enhanced  by  the  same  factor. 

These  results  can  be  explained  in  the  following  manner. 
For  the  samples  without  oxygen  doping,  the  Er^"^  emissions 
originate  from  Er  atoms  located  at  interstitial  sites  or  Er 
complexes  formed  with  other  defects.  At  higher  annealing 
temperatures,  the  Er  moves  to  substitutional  sites,  or  the 
defect  forming  a  complex  with  the  Er  diffuses  thus  breaking 
the  complex  giving  rise  to  the  Er^"*^  emissions.  For  the  case 
of  the  samples  co-implanted  with  O,  it  seems  that  oxygen  forms 
a  complex  with  Er  that  is  more  stable  and  requires  higher 
annealing  temperatures  to  break.  Furthermore,  at  higher 
annealing  temperatures,  it  is  expected  that  the  O  atoms  that 

i 

did  not  formed  complexes  with  Er  may  diffuse,  thus  increasing 

i 

j 

the  probability  of  forming  a  complex  with  Er. 

i 

i 

4.5.6  Lifetime  Measurements 

Lifetime  measurements  were  performed  on  two  of  the  co¬ 
implanted  samples  and  the  corresponding  control  samples. 
Figure  88  shows  the  time  decay  of  the  1.5375  nm  emission  from 
Alo.j9Gao,7,As :  (Er+0)  and  Alo.j,Gao7,As;Er  samples  annealed  at  750  °C. 
Both  samples  shown  in  figure  88  were  implanted  with  Er  at 
1  MeV  with  a  dose  of  5  x  lO'Vcm^,  and  the  co-doped  sample  was 
implanted  with  O  at  110  keV  with  a  dose  of  1  x  lO'Vcm^  The 


225 


decays  were  recorded  using  wide  slit  openings  of  1  mm  for  both 
the  entrance  and  exit  slits,  and  thus,  the  decays  will  include 
contributions  from  other  nearby  peaks.  In  the  figure,  the 
solid  lines  show  least  square  fits  to  a  single  exponential. 
The  lifetimes  are  1.22  and  1.46  msec  for  the  control  and  co¬ 
doped  samples,  respectively,  showing  a  slower  decay  for  the 
co-doped  sample. 

This  is  consistent  with  the  results  obtained  for 
AlojGaoTAs :  (Er+0)  and  AlojGaoTAs: Er  samples  annealed  at  850  “C  for 
15  sec  as  shown  in  figure  89.  The  Er  and  0  doses  for  these 
samples  were  the  same  as  for  the  two  above  samples.  In  this 
case,  the  main  emission  from  the  control  sample  occurs  at  1.54 
nm,  as  mentioned  previously.  Therefore,  the  figure  shows  the 
decay  of  the  main  1.537  /xm  Er^^  emission  from  the  co-doped 
sample  and  that  of  the  1.540  fiici  emission  from  the  control 
sample.  The  co-doped  sample  shows  a  slower  decay  with  a  time 
constant  of  1.7  msec,  while  the  control  sample  has  a  lifetime 
of  1.3  msec.  In  both  cases  the  data  was  fitted  to  a  single 
exponential  as  shown  with  solid  lines  in  the  figure.  These 
results  suggest  that  oxygen  co-doping  reduces  the  losses  due 
to  nonradiative  processes. 

The  lifetime  of  the  samples  annealed  at  850  “C  was  studied 
as  a  function  of  sample  temperature  and  the  result  of 
t’(T)/t(0)  is  plotted  in  figure  90,  where  r(0)  is  the  low 
temperature  decay  time.  Table  VIII  lists  the  decay  times  at 
various  temperatures.  For  the  co-doped  sample,  the  decay  time 
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Time  (microseconds) 


Figure  39  Time  decay  of  the  main  Er^*  emission  from 
AIq  jGag  7AS :  Er  and  AIq  jCag  7AS;  (Er+0)  samples  annealed  at 
850  ®C  ■ 


Table  VUI 


Decay  times  of  the  main  Er^'*'  emissions  from 
Alo.3Gao.7As:  (Er+0)  and  Alo.3Gao.7As :  Er  samples  as  a  function 

of  sample  temperature 


Aio.3®a( 

3  7As:  (Er+0) 

AXq  3G3, 

0.7AS :  Er 

Temp 

Decay  Time 

Temp 

Decay  Time 

(K) 

(nsec) 

(K) 

(nsec) 

9.0 

1706 

8.0 

1301 

16.3 

1702 

19.3 

1353 

25.5 

1700 

50.6 

1201 

45.4 

1689 

74.0 

1123 

70.2 

1665 

99.7 

1054 

95.4 

1630 

119.4 

1003 

120.0 

1592 

139.0 

966 

149.4 

1561 

160.0 

714 

173.3 

1499 

179.3 

672 

198.3 

1311 

199.7 

631 

222.7 

1164 

223.1 

593 

247.0 

995 

248.6 

546 

271.1 

993 

278.7 

509 

297.0 

972 

298.8 

406 

decreases  slowly  as  T  increases,  and  it  is  still  close  to 
1  msec  at  room  temperature.  The  decay  time  decreased  by  less 
than  50%  when  the  temperature  increased  from  9  to  297  K. 
However,  a  steeper  decrease  was  observed  for  the  control 
sample.  In  this  case,  the  decay  time  decreased  by 
approximately  70%  of  its  low  temperature  value  of  1.3  msec  to 
approximately  400  /xsec  at  roo^  temperature.  The  difference 

between  the  decay  times  at  low  and  high  temperatures  is  a 

1 

\ 

measure  of  the  de-excitation  fate  of  the  excited  state  by 

I 

nonradiative  processes.  Therefore,  we  may  conclude  that 

1 

nonradiative  de-excitation  of  the  4f  shell  is  much  less  for 
the  0  and  Er  co-doped  samples.  An  interesting  observation  is 


229 


tau/tau(0) 


1/Temp 


7igtire  90  Lifetime  ratio,  t(T)/t(0),  of  the  main 
emission  frcm  Al<,jGao.^s ;  Er  and  AlojGaoTAs:  (Er+0)  samples 
annealed  at  850  °C 


that  for  both  the  control  and  the  co-doped  samples  the  initial 
PL  intensity  showed  a  much  greater  decrease  with  increasing  T 
t.ian  the  lifetime.  Since  this  decrease  in  the  intensity  is 
not  reflected  in  the  lifetime,  it  is  mostly  due  to  a  decrease 
in  the  excitation  efficiency,  as  opposed  to  nonradiative  de¬ 
excitation  of  the  *lari  excited  state. 

As  with  GaAs:Er,  a  fit  of  this  lifetime  data  to  an 
expression  of  the  form 


T(D  = 


1  +  Aexp(--^r) 

iC 


was  attempted,  however,  a  satisfactory  fit  could  not  be 
obtained,  even  with  two  activation  energies.  The  decay  time 
follows  this  equation  only  at  high  temperatures,  which  implies 
that  a  different  type  of  process  is  responsible  for  the 
d 5crease  in  the  lifetime  at  lower  temperatures.  Therefore, 
only  the  values  for  T  >  100  K  were  fitted  to  this  equation. 
The  solid  lines  in  the  figure  show  this  fit.  The  fitting 
values  for  the  co-doped  sample  were  A  =  5.36  ±  1.21  and 
E  =  0.047  ±  0.0049  eV  and  for  the  control  sample  were 
A  =  6.5  ±  0.98  and  E  =  0.031  ±  0.0031  eV.  Since  these  results 
show  comparable  values  of  A  for  both  samples,  the  smaller 
decrease  in  the  decay  time  with  increasing  T  observed  for  the 
co-doped  sample,  is  due  solely  to  a  larger  activation  energy. 
In  the  excitation  model  proposed  in  section  4.2.2,  the 
activation  energy  E  can  be  interpreted  as  the  sum  of  the  Er- 
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related  trap  energy  and  the  bound  exciton  binding  energy, 
therefore  the  energy  of  the  Er-related  trap  in  the  co-doped 
samples  is  different  from  that  of  the  samples  doped  with  Er 
alone  in  agreement  with  the  idea  of  an  Er-0  complex. 

4.5.7  Concluding  Remarks 

The  addition  of  oxygen  to  GaAs:Er  and  AlGaAs:Er  results  in 
the  enhancement  of  the  Er^***  emissions  from  AlGaAs:Er  but  not 
from  GaAs:Er.  These  results  can  be  explained  by  the  formation 
of  an  £r-Al-0  complex.  Interestingly,  the  growth  of  a  new 
material  Al^Er^Oj  on  Si  has  recently  been  reported  (salvi  et 
al.  [1991]),  however,  the  PL  presented  in  that  report  was  too 
weak  to  allow  a  comparison  with  the  PL  from  our  samples.  In 
our  model  of  the  excitation  mechanism,  the  excitation  of  Er  in 
III-V  semiconductors  proceed  through  the  binding  of  excitons 
at  an  Er-related  trap  (either  electron  Or  hole  trap) . 
Therefore,  it  may  be  concluded  that  the  enhancement  of  the  4f 
emissions  is  due  to  the  formation  of  a  new  complex  that  binds 
excitons  much  more  efficiently  than  the  other  complexes  formed 
for  only  Er  implantation.  It  has  also  been  found  that  the 
main  Er’^  emission  from  the  co-doped  samples  has  longer 
lifetimes,  which  suggests  smaller  losses  due  to  nonradiative 
processes.  Also,  annealing  studies  suggest  that  luminescence 
centers  formed  through  co-implantation  of  Er  and  O  are  more 
stable  than  those  formed  when  through  Er  implantation  only. 
In  fact,  when  only  Er  is  implanted,  an  increase  in  the 
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annealing  temperature  from  750  to  850  ®C  results  in  weaker  4f 
emissions,  a  fact  possibly  due  to  the  dissociation  of  the 
complex  giving  rise  to  the  Er^"^  luminescence  or  to  the 
formation  of  new  optically  inactive  complexes.  However, 
samples  co-implanted  with  O  at  the  highest  dose  of  lo‘*/cm^ 
showed  an  increase  in  the  signal  strength  upon  increasing  the 
annealing  temperature  in  the  same  range  of  750  to  850  ®C. 

Current  study  also  shows  that  fairly  high  concentrations  of 
oxygen  are  needed  to  enhance  the  Er  emissions.  The  best 
results  were  consistently  obtained  when  the  oxygen  peak 
concentration  was  more  than  ten  times  greater  than  the  Er  peak 
concentration.  However,  since  only  three  oxygen  doses  were 
used  in  this  study  the  optimum  concentration  of  O  is  not 
known,  possibly  somewhere  between  lO’^  and  lO'Vcm**  At  least 
this  is  certainly  true  for  the  samples  with  smaller  Er 
concentrations . 

In  view  of  the  results  obtained  in  present  study,  it  is  very 
doubtful  that  the  4f  luminescence  normally  observed  from 
GaAsiEr  and  AlGaAsiEr  originates  from  a  complex  involving 
oxygen,  as  suggested  by  Auzel  et  al  [1989].  First,  the  large 
crystal  field  splitting  quoted  by  Auzel  has  only  been  observed 
in  a  few  samples.  Results  from  other  researchers  and  current 
results  for  ion  implanted  and  MBE  grown  GaAs:Er  and  AlGaAsiEr 
samples  indicate  a  much  smaller  crystal  field  energy 
separation  between  the  Er  emissions.  Second,  current  results 
show  that  the  addition  of  oxygen  does  not  enhance  the  Er 
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emissions  from  GaAs:Er,  and  even  for  AlGaAs  very  high  0 
concentrations  are  needed  to  enhance  the  Er  emissions.  The 
high  oxygen  concentration  doping  always  produced  a 
characteristic  PL  spectrum,  independent  of  x  and  the  annealing 
temperature.  However,  ion  implanted  and  MBE  grown  AlGaAs :Er 
generally  shows  a  different  emission  spectrum.  Therefore,  it 
may  be  concluded  that  stronger  emissions  from  AlGaAs :Er  as 
compare  to  those  from  GaAs:Er  are  not  necessarily  due  to  a 
high  concentration  of  oxygen  in  the  AlGaAs  samples  as 
suggested  by  Favennec  et  al  [1989]. 
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V.  Conclusions  and  Recommendations 

This  investigation  represents  an  extensive  study  of  the 
spectroscopic  properties  of  Er  doped  GeiAsiEr  and  Al,Ga,.^s :  Er . 
The  main  objective  of  this  work  was  to  study  the  excitation 
and  de-excitation  mechanisms  of  the  Er-4f  shell.  In  order  to 
accomplish  this,  the  effect  of  various  parameters  on  the  Er’* 
emissions  was  first  investigated  for  the  Er  ion  implanted 
samples.  These  emissions  were  studied  as  a  function  of 
substrate  conductivity  (SI,  n-  and  p-type) ,  aluminum  mole 
fraction,  Er  concentration,  and  annealing  temperature.  An 
effort  was  made  to  identify  emissions  originating  from 
different  centers.  This  is  important  to  an  understanding  of 
the  excitation  mechanism,  because  emissions  originating  from 
different  centers  might  have  different  excitation  mechanisms. 
In  fact,  this  is  responsible  for  a  series  of  contrasting 
reports  in  the  literature.  Based  on  the  results  obtained, 
through  current  study  a  model  of  the  excitation  mechanism  was 
proposed.  The  Er’*  emissions  from  MBE-grown  GaAszEr  and 
Al,Ga|.^s:Er  were  also  studied.  These  emissions  were  studied 
as  a  function  of  Er  concentration,  substrate  growth  tempera¬ 
ture,  and  substrate  orientation.  Lifetime  measurement  studies 
of  the  1.54  /xm  emissions  from  GaAs:Er  and  ten  different 
emissions  from  AlojGaojAsrEr  were  performed,  and  their  kinetics 
were  compared.  The  excitation  spectrum  of  the  1.54  fim 
emission  from  the  MBE-grown  GaAsiEr  was  found  to  be  signifi- 
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cantly  different  from  that  of  the  ion  implanted  samples. 
Finally,  a  study  was  made  on  the  effects  of  0  co-doping  on  the 
Er’*  emissions.  A  practical  reason  for  this  study  was  to  find 
whether  the  addition  of  0  would  enhance  the  Er’^  emissions. 

A  more  fundamental  reason  was  to  test  if  the  Er’*"  luminescence 
from  Er-doped  III-V  semiconductors  originates  from  some  type 
of  Er-0  complex  as  suggested  by  various  authors.  The 
important  results  from  this  work  include  the  followings. 

i.  The  PL  intensity  of  Er**  emission  increases  with  the 
aluminum  mole  fraction,  x. 

ii.  Although  the  detailed  emission  spectrum  over  the  1.5  to 
1.6  /im  region  depends  on  the  particular  sample  and  annealing 
conditions,  the  same  emissions  were  seen  at  the  same  wave¬ 
length  position,  independent  of  x.  This  was  also  true  for  the 
MBE  samples,  where  x  varied  from  0  to  0.7.  This  remarkable 
effect  shows  the  atomic  nature  of  these  emissions. 

iii.  Photoluminescence  and  selective  excitation  photolumines¬ 
cence  measurements  showed  the  presence  of  multiple  lumines¬ 
cence  centers  in  Er-doped  samples.  In  particular,  it  can  be 
distinguished  at  least  three  different  centers  in  our  ion 
implanted  GaAs:Er  samples.  One  of  these,  labeled  C2  in  the 
discussion  in  section  4.1,  can  be  excited  very  efficiently 
with  laser  energies  well  below  the  bandgap.  Efficient  below- 
bandgap  laser  excitation  of  the  Er^"^  emissions  was  observed 
only  in  those  samples  containing  the  C2  center. 

iv.  The  p-type  samples  showed  stronger  Er’"^  emissions  for  both 


GeiAs;Er  and  Al,Ga,.^s :  Er .  In  GaAsrEr,  it  was  demonstrated  that 
the  PL  intensity  of  the  Er’*  emissions  increased  with  n-  or  p- 
type  doping  level  up  to  a  certain  concentration.  However,  at 
high  concentrations  on  the  order  of  lO"/cm’,  the  intensity  of 
the  Er’*  emissions  decreases  while  the  intensity  of  an 
underlying  broadband  emission  increases,  and  the  lifetime  of 
the  4f  emissions  increased  with  the  doping  level.  This 
suggests  that  the  decrease  in  intensity  is  due  to  a  decrease 
in  the  excitation  efficiency  rather  than  due  to  nonradiative 
de-excitation  of  the  4f  excited  state.  This  phenomenon  was 
explained  in  our  excitation  model  as  due  to  a  competing  Auger 
energy  transfer  from  the  Er-bouna  exciton  to  a  hot  carrier. 

v.  The  excitation  spectra  of  an  ion  implanted  GaAsrEr  show  a 
broad  excitation  band  extending  from  the  bandedge  to  at  least 
1.24  eV.  For  the  ion  implanted  samples,  below-bandgap  laser 
excitation  was  at  least  as  efficient  as  above-bandgap  laser 
excitation,  and  for  the  p-type  sample,  it  was  rather  much  more 
efficient  than  the  above-bandgap  laser  excitation.  This  was 
explained  with  an  excitation  model  that  involved  electron-hole 
recombination  at  an  Er-related  hole  trap  with  subsequent 
transfer  of  the  recombination  energy  to  the  4f  shell. 

vi.  Temperature  dependent  lifetime  measurements  revealed  that 
the  lifetime  decreases  with  increasing  sample  temperature.  An 
activation  energy  of  169  meV  was  determined  for  the  ion 
implanted  GaAsiEr  sample.  The  MBE  sample  showed  a  peculiar 
behavior,  i.e.,  at  T  <  100  K,  the  lifetime  showed  a  small 
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increase  as  T  increased.  The  reason  for  this  is  not  well 
understood  at  this  point.  A  similar  behavior  was  also 
observed  for  some  of  the  Er’*  emissions  from  MBE  grown 
Alo  jGa,  jAs :  Er . 

vii.  The  lifetimes  of  ten  different  emissions  from  MBE-grown 
Alo.jGaojAs:Er  were  determined.  It  was  demonstrated  that  the 
emissions  near  1.56  nm  and  the  peaks  at  1.532  and  1.5404  nm 
originate  from  the  same  center.  These  emissions  have  a  short 
lifetime  of  approximately  200  fisec. 

vii.  A  scries  of  sharp  emissions  near  988  nm  was  attributed 
to  the  intra-4f-shell  transition  from  the  ‘I,,;,  excited  state  to 
the  ground  state  of  Er’*. 

viii.  Oxygen  co-implantation  showed  consistently  a  strong 
enhancement  of  the  Er’*  emissions  from  Al.Ga,,As:  (Er+0)  .  The 
annealing  behavior  of  the  0  co-doped  sample  was  found  to  be 
different  from  that  of  the  Er  only  implanted  sample.  No 
enhancement  of  the  Er’*  emissions  from  GaAs:  (Er+0)  was  observed 
with  O  co-doping.  The  enhancement  of  the  Er’*  emissions  from 
Al.Ga,,As:  (Er+0)  was  attributed  to  the  formation  of  an  Er-Al-O 
complex. 

ix.  Er’*  emissions  from  the  samples  co-implanted  with  O  have 
longer  lifetimes,  thus  suggesting  smaller  losses  due  to 
nonradiative  processes.  Temperature  dependence  of  the 
lifetime  showed  larger  activation  energy  for  the  0  co¬ 
implanted  samples. 

Although,  this  work  contributes  to  further  understanding  of  the 
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excitation  mechanism  of  the  4f  shell,  there  are  still  many 
questions  that  will  require  further  research.  The  following  is  a 
list  of  suggestions  for  further  work. 

1.  A  selective  excitation  luminescence  study  of  Al.Ga,.^s ;  Er : 
Our  preliminary  results  showed  that  the  Er’*  emissions  from  the 
ion  implanted  and  MBE-grown  samples  could  be  efficiently 
excited  with  below-bandgap  laser  excitation  as  for  the  ion 
implanted  GaAs;Er  samples.  Therefore,  a  systematic  study  over 
the  whole  range  of  x  values  from  0  to  1  will  provide  very 
important  information  on  the  excitation  mechanism. 

2 .  A  selective  excitation  luminescence  study  of  oxygen  co¬ 
doped  samples  as  well  as  a  study  of  O  co-doping  where  the 
doping  is  introduced  via  another  technique  such  as  MOCVD. 

3.  It  is  necessary  to  do  SIMS,  RBS,  and/or  TEM  studies  on  the 

samples  co-doped  with  0  in  order  to  understand  how  0  and  Er 

i 

are  incorporated.  ! 

I 

4.  Electrical  measurements  on  the  samples  co-doped  with  0: 

Although  O  doping  into  III-V  semiconductors  generally  makes 

[ 

the  sample  semi-insulating,  preliminary  Hall  measurements  have 
shown  that  the  Er  and  O  co-implantation  do  not  change  the 
carrier  concentration. 

5.  Systematic  study  of  n-  and  p-type  MBE-grown  samples:  This 
study  should  yield  very  interesting  information  concerning  the 
excitation  study.  This  study  has  shown  that  the  p-type 
samples  consistently  yield  stronger  emissions  and  is  important 
to  see  whether  the  C2  emissions  can  also  be  observed  on  these 
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samples. 

6.  Erbium  doping  of  wide  bandgap  semiconductors:  The  results 
have  been  reported  that  the  Er’*  emissions  are  stronger  and  the 
effect  of  temperature  quenching  is  smaller  in  wider  gap 
materials.  Also,  it  will  be  interesting  to  see  whether 
transitions  from  other  excited  states  of  Er’*  can  be  observed. 

7.  Copper  and  lithium  co-doping:  In  II-VI  compounds  these 
elements  are  used  to  enhance  the  4f  emissions.  It  would  be  of 
great  practical  interest  to  study  their  effect  on  RE  doped 
III-V  semiconductors. 

8.  Other  RE  systems:  Excitation  studies  of  Nd,  Pr,  and  Tm  are 
necessary  in  order  to  obtain  a  better  understanding  of  the  4f 
excitation  mechanisms.  Oxygen  co-doping  of  Nd-  and  Pr-doped 
samples  will  be  of  particular  interest. 

9.  Electroluminescence  studies:  The  excitation  mechanism  of 
the  4f  shell  may  be  different  in  devices  with  carrier 
injection.  Although  there  are  some  reported  studies,  there  is 
a  great  need  to  do  further  work  on  this  area. 

The  study  of  RE-doped  III-V  semiconductors  has  been 
motivated  by  the  desired  to  develop  a  rare-earth  injection 
laser,  however  current  results  suggest  that  the  development  of 
such  a  device  is  not  feasible  in  the  near  future.  In  the  case 
of  Er-doped  GaAs  and  AljGa,.^s,  the  major  obstacle  is  the  weak 
intensity  of  the  Er^"^  emissions  and  the  quenching  of  these 
emissions  at  room  temperature.  Current  results  have  demon¬ 
strated  the  enhancement  of  the  Er^^  emissions  when  co- 
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implanting  Er  and  0  and  these  emissions  where  observed  even  at 
room  temperature,  however  the  intensity  of  the  Er^*  emissions 
is  still  too  weak.  Further  work  on  Er  and  O  co-doping  might 
lead  to  a  significant  enhancement  of  the  1.54  fiTa  emissions 
that  would  made  an  Er-injection  laser  feasible,  also  an 
electroluminescence  study  of  the  co-doped  samples  will  provide 
important  information  concerning  the  feasibility  of  such  a 
device. 
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